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FOREWORD

This technical report describing the design, fabrication and
startup testing of a 2 m Double Wall Artery Gas Loaded Sodium Heat Pipe
was prepared under the Air Force Contract No. F33615-87-C-2738, “Thermal
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Wright-Patterson Air Force Base and funded by the Aerospace Power
Division (WRDC/P00S-3) and Strategic Defense Initiative Organization
(SDI0). Or. E. T. Mahefkey was the Technical Area Manager. Ms. J. E.
Johnson and Mr. Michael Morgan were the Program Monitors.

The heat transport study, Task 001 of this effort, was conducted
on-site at the Thermal Laboratory (APPL) by Universal Energy Systems,
Inc. with Mr. R. Ponnappan as the Principal Investigator. This report
satisfied the partial fulfiliment requirement for his docloral degree
from the University of Dayton.

Messrs. J. Tennant and M. D. Ryan (UES) and D. Reinmuller (APPL)
provided the technical support for the various phases of the experimental
work. Miss Cathy Baker (UES) helped on the computational aspects. UES
Publications and Drafting groups provided their services for preparing
this technical report.
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CHAPTER 1
INTRODUCTION

1.1 About the Heat Pipe in General

The heat pipe is a wonderful and conceptually simple two-phase
(1liquid and vapor) thermodynamic/heat‘transport device invented to
circumvent the barrier of solid metallic conductance. The heat pipe
working principle was first proposed in 1944 but the fruit of the
research in this area was realized only during the past coupie of
decades starting from the original work on heat pipes at Los Alamos
National laboratory, which coined the word "“heat pipe" ([1-3].
Though the original work was in conjunction with the thermionic
converters (to work out-of -core in nuclear reactors), heat pipes
were used extensively in spacecraft for thermal control applications
in the pre-Apolio and post-Apollo missions. The rapid development
of this device caught up with many other terrestrial (solar, energy
regeneration and electronics cooling) applications as well. Today
ithis device is a commercial off-the-shelf item with dozens of
manufacturers in the United States, Europe and Japan.

The name heat pipe should not be confused with the "heat pump"
(which has a separale role in thermodynamics) where there is net
work done whereas in a heat pipe there is no net work and no moving
parts. 1he heat pipe is a closed tube or chamber with one of many

differenl shapes whose inner surfaces are lined with a porous




capillary wick. The wick is saturated with the liquid phase of the
working fluid and the remaining volume of the chamber contains the
vapor phase. Heat applied at the evaporalor vaporizes the liquid in
that section causing the pressure difference to drive the vapor down
to the condenser section where 1t condenses releasing the latent
heat of vaporization to a heat sink. The condensate 1is returned
back to the evaporator by the capillary pumping action of the wick
and this process continues as long as the wick does not become dry.
This is the basic working principle of a heat pipe. The heat pipe
is functionally a "heat transport pipe" as well as:

* A _high conductance device. It surpasses the best metallic

conductors such as gold, silver and copper in thermal
conductance. [ts conductance could be anywhere from 30 -4800
times that of an equivalent size copper bar 1in various
teﬁperature ranges.

. Near-isothermal. From end-to-end, the {emperature drop (Al)

is very small; much smaller than that of a metallic conductor.

. Has no moving parts. It is a hermetically sealed stationary

device; works as it rests.

« Transports heat. trom one end to the other end without the

expense of any external work done on it, the transport mechanism
being the closed loop flow pattern of the evaporating liquid and
the condensing vapor set up by the capillary wick and the

working fluid contained inside it.




e Not an engine. Since it does not have any net work, there is no
efficiency defined for this. [Its performance is judged by the
maximum heal transport ability and the distance of transport
under minimum temperature drop.

e Analogous to a transformer (electrical). It can accept heat

input at certafn flux and deliver at a different flux.

* A maintenance free, no-noise device. Once installed, it does

not require maintenance and does not make any noise during

operation.

e A vapor chamber. 1t may build up high pressure inside if heated

inappropriately leading to hazardous explosion.

Heat pipes can be cateqorized into several types based on their
working principle, confiquration of the wick structure and working
temperature range [4].

(1) Working Principle: e« Conventional heat pipe mode
»  Thermo -syphon
s Variable conductance heat pipe
» Osmotic heat pipe
e Wickless rotating heat pipe
o Capillary pumped loop heat pipe
e Electrodynamic heat pipe
(2) Configuration: e Shape - cylindrical, flat, annular,
hent in forms - U,L,C, etc.
* Structure - rigid or flexible

e Material - metallic or ceramic




(3) Temperature: .

Figure 1 1illustrates the

fluids.

Wicks
arteries

Cryogenic (<122 K)
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composile and
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heat pipe temperature regimes and working

| 2500k [
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R S S e
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Figure 1. Heat Pipe Temperature Regimes and Working Fluids.




1.2 Qutstanding Problem

In recent years, the demand for high capacity, high
performance, and reliable heat pipe systems has increased with the
advent of newer space missions such as space stations and
terrestrial applications, 1including power plants, electronic
cooling, highway deicing, etc. Fairly wel)l established design,
fabrication, material compatibility, and steady state performance
testing procedures for all types of heat pipes exist in the industry
[4 8). However, a thorough understanding of the transient
characteristics is lacking. An area of major concern for heat pipe
applications, particularly 1liquid metal, high temperature heat
pipes, is the behavior of these devices under transient load
conditions during startup, shutdown and operational variation of the
thermal loads. The startup process may not be successful when the
working fluid is in the frozen state since there will be no liquid
return from the condenser to the evaporator. A sudden removal of
the heat input to the evaporator (shutdown) without removing the
condenser load may freeze the working fluid at the condenser and
create evaporator dryout [9). These transient operating problems
are further complicated by special artery wick designs which provide
superior performance during normal operation. An example of a
special wick design, shown in Figure 2, is the Double Wall Artery
Heat Pipe (DWAHP) developed by Ponnappan and Mahefkey {10].

The DWAHP was 1introduced in 1982 and a modified design was
developed subsequently [1)]. In the modified DWAHP, a screenless

adiabatic length is used in order 1o make vcry long heat pipes
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simpler. Other unique advantages of this design are entrainment-

free transport and the availability of lean wick evaporator

configurations. Though this design concept works well in the low

temperature regime (25-200°C) copper water system, it was not known

whether the same design could be scaled up to the high temperature

regime liquid metal system. The issues concerning the extension of

the DWAHP development which form the bastis of the present

investigation are as follows:

(1) The choice of the wick structure.

(2) The methods of coupling the evaporator input and the condenser
output.

(3) The thermal load requirements.

(4) The initfal conditions of thawing or priming status of arteries.

(5) Whether a noncondensible gas fi1ling will help startup from
frozen state.

(6) What effects the gas will have on artery priming.

(7) The modeling of the startup from frozen state using the coupled
diffusion and energy balance equations.

(8) The design, fabrication and testing of an appropriate hardware
to verify the theoretical modeling.

1.3 Review of Literature

A literature search was conducted and a brief review is
presented here. Though the heat pipe technology 1is only 25 years
old, an abundant number of technical publications covering the broad
spectrum of this technology exists in the open literature. A closer

scrutiny of works related to transient behavior, unsteady power,




pulsed operation, startup, shutdown, and analysis/modeling narrowed
down the publications to a sizeable number covering the period
between 1967 and 1988. Online Information Retrieval (computer
search) of data bases covering Physics Abstracts, Aerospace
Abstracts, NTIS, OTIC, etc. was used for the literature search.

Cotter [12] was the first to quantify the dynamics of a heat
pipe startup using a lumped-parameter one-dimensional model. An
effective thermal conductivity in the axial direction of the heat
pipe dependent upon the state of the vapor for the free molecular
flow regime was introduced. Characteristic response times
(condenser rate ani axial rate of responses) were defined. He
predicted the required length of the heat pipe, once the input and
output conditicns were determined.

Sockol and Forman [13) visually observed the moving
temperature front during startup in a 1ithium heat pipe
(1273-1673 K). Cotter's model was reassessed and modified. They
predicted and confirmed that the temperature of the hot 2zone was
fairly independent of the power input to the evaporator untii the
hot zone reached the end of the pipe.

Marcus [14,15) conducted an extensive investigation on the
theory and design of room temperature gas loaded variable
conductance heat pipe (VCHP). His study concentrated mainly on the
steady state theory. Marcus noted that "seeking an accurate
predictive capability for heat pipe transient behavior is
substantfally a more ambitious task than the development of the

steady state theory."




Tower [16] performed an analysis of oxygen diffusion into
metal alloys pertaining to the startup of T-111 (tantalum alloy)
heat pipe filled with 1ithium.

Sockol [17] presented a model for the rapid startup of a high
temperature gas loaded heat pipe. A two-dimensional analysis was
used. Startup was not initiated unti)l the vapor pressure Pv in
the hot zone reached a value proportional to the initial gas
pressure Pi. Through proper choice of Pi' startup could be
delayed until Pv was large enough to match with the thermal load
on the heat pipe. However, the analytical results were not verified
with any experimental data.

The use of the liquid-trap as a secondary heat pipe for
forward mode operation during a heat pipe diode shutdown was studied
by B&K Engineering [18). Thermal switching was defined as the
shutting down of the thermal diode in case of a reversal of heat
flow direction.

Camarda [19] used a simple analytical technique to determine
startup, transient and steady state performance of the heat pipe
during testing. The temperature ranged from 883 K to 922 K and heat

flux 23.9 to 39.5 w/em®.

Colwell [20) developed a method for predicting the behavior of
cryogenic heat pipes during startup or changes in thermal transport.

Williams [21,25) evaluated the forward (heat flow from
evaporator {o condenser) and reverse-mode (heat flow from condenser
to evaporator) operation for an ethane heat pipe working in 170 to

220 K. Results 1indicated that the heat pipe might not reliably




startup in the forward mode. However, startup could be initiated
when preceded by a diode reversal.

Groll and Munzel ([22,23,26] presented an analysis and design
of all aluminum and all stainless steel ammonia heat pipe diode.
The Yiquid trap principle was used. The shutdown ratio, defined as
the ratio of the forward mode conductance to the reverse mode
conductance (W/K), was 384, Test program comprised transient
shutdown behavior and restart from the shutdown condition.

Alario [24] developed a stainless steel ethane heat pipe diode
and used it for 1investigating the startup dynamics of arterial
cryogenic thermal diodes.

Shukla ([27] conducted a combined analylical and experimental
investigation of the transient response of a gas-controlled heat
pipe with an absorption gas reservoir.

Groll and Supper ([28] showed a shutdown technigque which
consisted of heating up the condenser with a constant heat flux
while having the evaporator and trap thermally free-floating.

Bystrov et al. [29]) presented the results of experimental
studies of the startup of vacuum and of gas-loaded sodium heat pipes
by sudden and smooth application of heat to the evaporator. A
qualitative analysis of the dynamics of startup of such pipes was
also presented.

Bystrov and Goncharov [30] examined an approximate method of
calculating the wunsteady temperature fields and the startup
characteristics for a quick startup and switch to the heat pipe

regime, using a lumped-parameter model for the vapor predicted on a
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planar vapor-gas boundary and the possibility of neglecting the
thermal inertia of the vapor flux. The analytical results were in
good agreement with the experimental results of an argon filled
annular artery sodium heat pipe.

Colwell and Chang [31] examined the transient behavior of a
slab type wick in a low temperature heat pipe. It was found that
under some conditions, the heat pipe might approach steady state
operation with a portion of the capillary structure dried and that
rewetting could be quickly accomplished. However, when the entire
wick structure at the evaporator dried, rewetting was much more
difficult.

Chang and Colwell [32] developed a computational model based
on finite-difference approximations for predicting the transient
operating characteristics of low temperature heat pipes. It was
shown that the width of fluid gap between screen layers had a
significant effect on the transient operation.

Colwell and Hartley [33] emphasized the need for developing
the capability to predict operational behavior of liquid metal heat
pipes under adverse operating conditions such as when drying,
rewetling, choking, noncontinuum flow, freezing, thawing, etc.,
occurred within the heat pipe.

Beam [34] developed a lumped-parameter transient model of a
heat pipe and verified his model with data obtained from a screen
wick copper-water heat pipe. Two response times, one corresponding
to the thermal response of the heat pipe and the other to the

hydrodynamics of the wick with an applied heat flux, were defined.
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An upper 1imit for the pulse size (so as not to create a dryout) was
also determined in this analysfis.

Cullimore [35] described the Advanced Simulation Analysis of
Heat Pipes (ASAHP) program, that simulated the transient operation
of heat pipes. The transient capabilities 1included wicking and
entrainment-limited dryout and recovery simulation with the
corresponding condenser flooding. The program provided a means to
evaluate the effects of adverse transients (rapid changes in orbital
environments, or high-power/short-duty cycles) on a spacecraft heat
pipe radiator.

Ambrose et al. ([36] have presented a simplified one-
dimer-ional model to predict the drying and rewetting of the wick
during a pulsed startup. Thelr model included a thermal capacitance
term. They compared model predictions with the experimental resulis
obtained with a copper water screen wick heat pipe. It was verified
that the ability of the heat pipe to transport a pulsed heat load
was equal to the maximum design capillary heat transport rate

without dryout.
Tilton et al. [37] analyzed the transient behavior of a steady

operating Inconel 617 sodium heat pipe with superimposed external
ithermal loading at the condenser. The analytical model predicted
the direction of the mass flow of vapor and the location of the
condensation and evaporation zones along the heat pipe as a function
of time for different condenser heat loads. Heat pipe flow reversal

and incipient dryout could be predicted. Experimental resulls of a
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45-cm long 1.27-cm diameter screen wick ﬁeat pipe using radiant
heaters were used to verify the analytical prediction.

Merrigan et al. [38] reported transient performance character -
istics of a 4 m moly-lithium heat pipe with annular screen wick.
Shutdown tests were conducted to establish the requirements of
restarting the pipe from frozen condition. A freeze plug could form
in the condenser during the cooldown and cause liquid depletion of
the evaporator thereby causing restart difficulty.

Bobco [39] developed a closed form expression for estimating
the location of the minimum temperature in the inactive condenser of
a VCHP under steady state. Etquations were presented to show how the
gas reservoir design may be based on the operating conditions for
maximum heat load and incipient freezeout. The experimental data of
Marcus [14] were used to verify the theory.

Costello et al. [40] developed a comprehensive model but did
nol report calculation results. Hall and Doster [41] introduced the
transient computer code called THROPUT (Thermal Hydraulic Response
of Heat Pipe Under Transients) and applied it to verify the
performance of a 4 m 1ithium heat pipe charged with a noncondensible
gas at 10_4 Pa and 300 K. This code required large CPU time (24
hours on a VAX 8000 system for 2 hours of transients). In addition,
it 1s reported that the liquid does not return fast enough to keep
up with evaporation, resulting in an ever decreasing 1liquid
inventory in the evaporation section.

Jang et al. [42] used finite element techniques with explicit

and implicit solution procedures to solve the mathematical model of
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a
a liquid metal heat pipe used in leading edge cooling. They
compared model predictions with experimental data of Camarda [19]
and found good agreement. ,
Seo and El-Genk [43] develbped a two-dimensional transient
model for liquid metal heat pipes that is capable o% predicting the
operating limits of the heat pipe during steady state and transient

operations. Their model assumes a completely thawed heal pipe with

no noncondensible gas 1in the vapor core of the annular wick heat
pipe. They also show how the slow cooling rate (0.1 kW/s) or fast
heat rate (1.0 kW/s) from a stable operating point can encounter the
sonic or entrainment 1imit respectively in a 4 m Yong 1.9 cm outside
diameter 1ithium heat pipe built at Los Alamos National Laboratory
._}" et .
[38]. ‘“

!

Peterson and Tien [44,4§] found numerical and analytical
solutions for two«dimensionah;gas dfst;fbution in gas loaded heat
pipe in the room temperature 6ég%me. No frozen startiup or transient
behavior 1is studied here. Thé' authors claim that the errors in
"flat-front" diffusion models are eliminated and that the condenser
shutoff Jength is computed accurately.

It is concluded from the literature review that a combination
of analytical and experimental works on the transient behavior of
various tyﬁes of heat pipes exists. Most of the referenced papers
deal with thermal diodes and cryogenic or room temperature heat
pipes. There are only three publicaticns on the gas filled liquid

metal heat pipe transient behavior; those of Socko} [17] and Bystrov

et al. (29,30].
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It s difficult to apply the analysis pertaining to a

particular heat pipe design to another constructionally different
heat pipe. Conventional or the homogeneous wick heat pipes are no
longer useful for high capacity application. The state-of-the-art
heat pipe designs have developmental and material problems. Making
the heat pipes suitable for adverse operating conditions is a
technological challenge. In view of this, it is of interest to
develop the Double Wall Artery Heat Pipe into a Tliquid metal high
capacity design and evaluate its performance theoretically and
experimentally for steady and transient thermal loads.

1.4 Need and the Uniqueness of the Research

Future space missions will require large area space radiators
constructed out of 1iquid metal heal pipes to reject large amounts
of waste heat at rejection temperatures of 1000 K or more. Peak
electric power, in excess of 1 MWe, 1is required which generates
waste heat in the form of pulses with a peak-to-average ratio of
104 to 105 based on the mission and orbital duty cycles
envisioned [46,47]. (Essentially these heat pipes have to withstand
directed energy 1impacts such as micrometeoroids, or pulsed input
loads. A space nuclear power system is a typical example of a power
supply requiring such high capacity liquid metal heat pipes [48].

Another example is NASA's space statfon which is being
designed to be powered by a solar dynamic cycle. A solar dynamic
system will require thermal energy storage and some form of energy
transport device (liquid metal heat pipe) for transporting energy to

the power conversion unit. The transition from illuminated to
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eclipse portion of the orbit will introduce transient thermal Joads

on the heat pipe device [49]. In addition, cold start or thawing of

a liquid metal heat pipe 1is a wunique problem for space or

terrestrial applications. Uniform distribution of the working fluid

within the heat pipe wick structure is important during shutdown of
any heat pipe device. An abrupt shutdown during a dryout may cause
irrecoverable damage [9]. Long transport lengths cause priming and
flow resistance problems. In essence, the need of a reliable liquid
metal heat pipe 1is apparent from the above applications, and the
uniqueness of investigating a 1liquid metal DWAHP for its startup and
shutdown characteristics is exemplified by the operational

requirements shown in Figure 3.

Though the general problem of transient operation is common lo
all the liquid metal heal pipes as well as low temperature heat
pipes, the same problem is unique to the )liquid meta) DWAHP proposed
to be investigated presently for the following reasons:

(1) Long transport section length without screen wick, no direct
contact between 1liquid and vapor flows in the transport
sections;

(2) Composite wicking arrangement with arterial grooves
nonconstant groove widths; and

{(3) Noncondensibie gas loading and reservoir wick in evaporator to
aid startup from frozen state.

1.5 Statement of the Problem

The startup of a liquid metal heat pipe (sodium, potasium or

11thium) from the frozen state is an area of concern for potential
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applications in space radiators since the heat pipe may dry out due
to the working fluid depletion in the evaporator during starlup.
Though active methods such as electrical trace healing or prelaunch
thawing can be adapted for starting, they are neither convenient nor
desirable. A passive and reliable startup technique which will not
require onboard electrical power is preferable. Rescarchers have
recommended filling the 1liquid metal heat pipe with noncondensible
gas in order to make 1t start easily [17,30]. The heat pipe
geometry they used was quite different from the one tested in the
present work. A composite wick high capacity liquid metal heat pipe
of the DWAHP type with long adiabatic section has not been built and
tested so far.

The DWAHP gains further attention for investigation because of
its entrainment free and capiliary wickless transport section, high
radial heat flux evaporator ¢ 1ign, and ease of manufacture. The
present problem is to investigate and find answers to the following
basic questions on this subject area.

(1) Will the noncondensible gas charging provide reliable startup
of a liquid metal arterial heat pipe of the DWAHP type?

(2) What analytical methods could be uscd or necd ts be developed
to solve the transient problem of the above mentioned heat
pipe, e.g., the mass diffusfon and thermal problems?

(3) How do the vapor front propagation and the temperature vary
with time and input power variation?

(4) What experimental methods can be devised Lo explore the above?

8




1.6 Objectives of the Present Study

The scope and objectives of the present study are grouped and
defined under two categories, namely, analytical and experimental:

e« Analytical. Develop an analytical model and solve to predict
the frozen state startup and the transient thermal
characteristics of a high temperature heat pipe with Jlong
adiabatic section and filled with noncondensible gas charge.
The study of the effects of different initial charge pressures
and power input is also of interest.

« Experimental. Design, fabricate and test suitable experimental

hardware to verify the analytical predictions on the startup
transients. Investigate the dynamics of the diffusion zone
during the 1tiransient condition and determine the condenser

shutoff length during the steady state condition.
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CHAPTER 11
THEORETICAL ANALYSIS OF STARTUP

2.1 Startup Characteristics

In general, heat pipes are intended for isothermal operation
at a fixed temperature and energy transport. Starting up a heat
pipe does not present any difficulty if it is heated isothermally to
the operating temperature with the power then gradually increased to
the allowable 1imit. Often in practical situations, this method of
startup is inconvenient or even impossible and also the condenser
zone heat removal 1is effected simultaneously with the evaporator
heating. Other aspects which concern startup are:

(1) The allowable rate and duration of heat supply;

(2) The method of heat transfer coupling between the source and the
evaporator, and the sink and the condenser;

(3) The initial state (solid, liquid or vapor) of the working fluid
within the wick structure;

(4) lhe heat transport capacity versus temperature charac-
teristics of the heat pipe; and

(5) The wick design in the transport zone.
Three characteristic startup types have been cateqorized for

heat pipes:

(1) Uniform startup (e.g., water and ammonia heal pipes);
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(2) Frontal startup without noncondersible gas (NCG) (e.g., sodium
heal pipe); and

(3) Frontal startup with NCG (e.g., sodium heat pipe with argon).

These are very well described in the heat pipe literature (4,8].

rigure 4 illustrates these startup characteristics schematically.
Heat pipes with working fluids having high vapor pressures at

startup temperatures typically exhibit uniform startup, while those
with low vapor pressures exhibit frontal startup. Use of NCG in the
vapor core has been found to ease the startup difficulties in liquid
metal heat pipes [8,17,30]. There are however advantages and dis-
advantages in charging a heat pipe with NCG:

Advantages

(1) 1he heat pipe is enabled to operate as a variable conductance
heat pipe (VCHP).

(2) The NCG acls as a buffer to the working fluid vapor while
expanding inlto the vapor core and helps the starting or
shutting down of the heat pipe.

(3) The size of the gas slug in the heat pipe at a given
temperature can be predetermined and this flexibility allows
the designer to control the length of inactive condenser.

(4) The need for special starting up/shutting down arrangements
such as trace heaters and condenser decoupling from a heat sink

is eliminated.
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Disadvantages

(M

(2)

(3)

There is a potential danger of NCG bubble trapment in artery
wicks which may lead to depriming of the artery.

The choices of compatible fluid and NCG pafr may be limited for
high temperature applications. The pair should be chemically
non-reacting and non absorbing (non-soluble) types even under
high pressure and temperature conditions.

Even with careful design, the non-use of a portion of the
condenser (inactive 1length) under steady state operation may

have to be tolerated.

Stages of Frozen State Startup

A gas filled heat pipe in general (or the present OWAHP in

particular) undergoes several stages of energy transport during the

startup from the initial frozen state to the operating regime [4,30].

Stage 1: Melting and evaporation of heat transfer fluid.

With the supply of uniform heat input to the evaporator,
the frozen working fluid thaws and eventually evaporates at the
1iquid meniscus 1in the captllary pores of the wick. Gradual
withdrawal of NCG from the evaporator to the adiabatic section
begins.

Stage 2: Formation of axial vapor flux.

As the heat power supplied increases, the temperature of
the evaporator increases and the vapor pressure compresses the
NCG away from the evaporator. The speed of vapor flow at the

evaporator exit increases up to sonic speed.
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Stage 3: Sonic regime.

Continuation of power fnput to the evaporator takes tihe
heat pipe along the boundary of the sonic 1limit. In this
regime, considerable non-isothermal conditions prevail along
the heat pipe. Evaporator fluid inveniory continues to deplete
as the adiabatic sectfon, {f any, thaws and no fluid
recirculation from condenser commences.

Stage 4: Sonic to supersonic vapor flow.

With increase 1in vapor pressure, the vapor -gas front
moves toward the condenser end. Vapor velocity variations
result from a variable mass flow through a constiant vapor core
area. The velocity can increase further and become supersonic,
or a recompression of the vapor may occur, resulting in a
pressure recovery. The amount of pressure recovery depends on
the heat removal rate in the condenser section.

Stage 5: Isothermal operating regime.

Once the vapor flow returns to the subsonic levels, the
1iquid return flow establishes recirculation, and the condenser
heat removal rate equals the evaporator input rate, the pipe
switches to steady isothermal operating condition.

2.2 Parametric Analysis

Homogeneous and annular wick 1iquid metal heat pipes are
reported to have been analyzed or tested in NCG filled mode without
problems [17,29,30]. However, it 1is not yet established in the
Tiquid metal heat pipe research literature that if a grooved artery

heat pipe (of the DWAHP 1ype with unvented artery and screenless
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adiabatic section) would start from frozen state and work with NCG
filled mode. In order to answer this question, a preliminary
analysis addressing the design and testing parameters is done in the
following question -and-answer format.

(1) Whether freezing of sodium in a closed artery channel will

create any problem?
Sodium shrinks on freezing since the density of the solid is larger
than that of the liquid at the freezing point (97.83°C), while the
volume change is only 2.63%. 1he void created within the artery
channel (which is fully primed during normal operation) may be
vacuum or NCG depending upon the propagation of the solidification
front of the sodium during shutdown of the heat pipe. On thawing
(initial startup), the void will be filled back 1f vacuum or the gas
will be expelled out of the artery if NCG was present to start with.
(2) Whether the problem of vapor back-flow into the artery exists
in the liquid metal DWAHP?

This {1s not 1likely under 1low radial evaporator heat fluxes
(<50 w/cmz) since the «critical superheat (ATcrit) required
to create bubble nucleation/boiling in the wick is approximately
40 C at 700°C (see Table 11), On the other hand, the evaporator
A1l across the sodium saturated stainless steel wick (with typical
equivalent thermal conductivity, ke = 40 W/m°C) 1s about 3 C for a
heat input of 1797 W at B800°C (sec Section 3.5.5). At higher heat
fluxes (>50 N/cmz), capillary flow inserts at the
evaporator/adiabatic transition may be needed to stop vapor back

flow (see Reference 55 for details).
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(3) What are the conditions under which the NCG bubbles can get
into the artery? Under what conditions are they deleterious
to the heat pipe operation?

This depends on the solubility of the NCG into the working fluid and

the construction of the artery at the condenser. If solubility of

NCG in the working fluid is high, the gas will tend to disperse in

the fluid and stay under subcooled conditions within the artery. If

the fluid is frozen in this condition, it may lead to bubble growth
problems later while thawing. [In the present case, argon is not
soluble in  sodium since the Ostwald coefficient is low

5

(a = 2.27x10 "~ at 500°C) [50].

If the construction of the artery at the condenser section is

such that the artery wall is a fine porous structure (such as a
screen or sinter), the vapor-gas mixture may pass through the porous
wall and get trapped due to the capillary pressure difference across
the artery wall. In the case of vented artery channels (such as in
the DWAHP condenser), the 1liquid/vapor meniscus exists inside the
groove at each of the vent slots which are large enough to let the
gas veni back into the vapor core while the condensation of t1he
vapor takes place. Hence, conceptually, gas bubbles cannot be
trapped in the artery channels of the present design.

(4) In case the NCG bubble 1is trapped in the closed artery
channel, will it affect the priming? Wili the bubble grow and
prevent startup?

Upon thawing of the sodium, the volume of the bubble will expand. A

further increase in temperature could expand the bubble more and
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might cause artery depriming. Hence, under this hypothesis, the
heal pipe may not start. The other possibility is that the bubble
may be initially stagnant at an axial position during the thawing
process, but start moving toward the evaporator (the direction of
higher capillary potential} soon after the moving hot front crosses
the adiabatic zone and the heat pipe action starts. Both
possibilities exist in the practical situation and hence
experimental study is necessary. In order to avoid the multiple
artery averaging effects from confusing the experimental results, it
was planned to construct a single channel artery heat pipe as shown
in Figure 5. The details of this design are given in Chapter III.
(5) During startup mode, will there be condensate formation at the
upstream side of the moving temperature front? If so, what
are the effects on the startup?
This is a unique situation with respect to the ventless adiabatic
arlery channels as opposed to a porous (sinter or screen wall)
artery. The vapor traveling down the vapor core will lose its
latent heat to the incremental length of the adiabatic section as
the vapor/gas front moves. This movement depends on the axial
conduction and the diffusion rates of the vapor into the NCG.
Initially, there will be some amount of condensate collection at the
vapor/gas front but as more and more vapor is generated and the
vapor pressure builds up, the already formed droplets will be
vaporized back and moved toward the advancing front. The thawing

proceeds progressively and the front moves down the vapor core. As
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the front reaches the condenser vent slot zone, the heat pipe action
starts.

The key analytical design 1ssue here 1is to satisfy the
requirement that the evaporator should not be depleted of working
fluid before the thawing of the transport section is completed. The
diffusion gas front analysis for this situation will determine the
maximum possible adiabatic length for the case of frozen startup. In
addition to the axial conduction (along the heat pipe wall) and the
diffusion mechanism available for the energy transfer during start-
up, there also is the radiation mode to help the thawing process.

2.3 Heat Transfer Model of the Startup Process

A gas loaded heat pipe contains a fixed quantity of NCG in
addition to the working fluid. The purpose of the gas is to
facilitate the startup from frozen state. All the three»modes of
heat transfer, namely, conduction, convection and radiation, occur
during the startup. 1ldentifying and estimating the dominant mode is
ihe key to the solution of the startup analysis. Figure 6 shows the
heat transfer paths of a gas-filled heat pipe during startup. The
heat input (01) to the evaporator is transferred to the adiabatic
and condenser sections by 1) axial conduction (Oax) through the
wall and wick, ?2) convective transfer by hot vapor diffusing into
the NCG and condensing at the downstream side of the diffusion front
(Qv)’ and 3) radiation exchange between the hot and cold zones
Q).

Generally, 1in the moderate 1temperature (122 628 K) VCHP

research, Ov has been reported to be much smaller than the axial
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conduction (an). with the diffusion rate assumed constant
[4,14,39]. For high temperature heat pipes, Sockol [17] found that
Qv is much larger than an and that Qv approaches Q1 at the
beginning of the startup and drops to almost zero when steady state
is approached. This theory justifies the stationary vapor-gas front
at steady state. On the contrary, if axial conduction term were
dominant, the hot front may move even after the diffusion process
stopped. High wall conductance tends to spread the front over the
condenser masking the diffusion zone temperature profile. High
temperature wall materials such as stainless steel and refractory
metals have poor thermal conductivity; hence, the temperature
gradient at the diffusion front will be sharper than that for high
conductivity materials such as copper and aluminum cummonly used for
low temperature heat pipes.

A qualitative picture of the temperature profiles at the
diffusion zone is shown in conjunction with the heat transfer model
sketched in Figure 6. At the beginning of the startup, th- gradient
is very steep indicative of sirong vapor diffusion activity and at
steady slate, it is spread out due to axial conduction effects.
Hence, it appears that the transient state is governed by the
diffusion process and the steady state by axial conduction. This
hypothesis 1s verified through numerical and experimental results
(see results in Section 5.2.2).

The radiation exchange (Qr) between the hot and cold zones
is less significant than Qv or an since the length to diameter

ratio of the pipe is very large.
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In the present work, a two-dimensional analysis of the vapor
diffusion through the NCG 1is performed. The diffusive energy
transport rate thus obtained is coupled with a therma)l model of the
startup of the radiatively cooled sodium-argon double wall artery
heat pipe.

2.4 Diffusion Model and Analysis

The objective of the diffusion analysis is to determine the
vapor diffusion rate past the hot front as a function of the length
and temperature of the hot zone. The model 1is Lased on Fick's law
for binary gas system explained in detail by Bird et al. [51] and
developed by Sockol [17]. Assumptions used in this analysis are as
follows:

(1) The local condensation rate upstream of the front is assumed to
be negligible.

(2) The cold wall acts as a perfect sink for the vapor.

(3) The transition region between the cold and hot zones is
vanishingly thin.

(4) 1lhe upst;!!m vapor velocity is uniform over the cross section.

(5) The gas is stagnani throughout the pipe.

(6) The axial vapor pressure drop is negligible.

(7) 1lhe vapor velocity during startup is limited to much less than
sonic speed.

(8) In a 1long cylinderical heat pipe, the vapor concentration
should relax to a quasi-steady profile in time of order
(rv/2.4)2/D. If the distance moved by the front during

this time is small, steady-flow equations can be used for the
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diffusion analysis. For the sodium-argon system at 1000 K,
with ry ~ 0.635 cm and D - 4.591 cmz/sec, the relaxation
time 1s 15.25 milliseconds. As it will be seen in the
numerical analysis results section later, the rate of front
movement is 0.04 to 0.37 cm/sec for a power input of 1000 W
with the gas charge pressure of 0.2 torr. Hence, the front
movement in 15.25 milliseconds is very small and the steady
state diffusion assumption is justified.

Fick's law for binary diffusion in the form cf molar flux is given

by [51]

No= x (N +N D
= xv(Nv + g) - €D,

_,
v va (M)

g

For a stagnant gas ﬁg = 0 and £Eq. (1) becomes,

-» -» »
N = x N -c¢D Vx
vg v

v vy g

or

> -»
(1 - x N = -cOVngv

Total mass fraction of the system, xg tx, 1.

Therefore, the vapor flux ﬁv can be written in terms of the mole

fraction of the gas xg as:
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ch v(
N, - - g U g
*q
. ->
- . (-vx_)
or ﬁv s chg _wi_g-
g

-» >
N =c¢cD v n x (2)

From the principle of conservation of mass applicable to the vapor

flow,

a
—-—rt
<
=3
"
o

> >
or VN =0 (3)

Substituting for ﬁv from Eq. (2),

32 gnx_ =0

CDvg g

-’
Since chg 20,9V anx_ -0 (4)

In order to solve this equation and to set up the necessary boundary
conditions, a cylindrical coordinate system is introduced as shown

in Figure 7. According to Assumption (3), the axial distance over
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which xg departs from 0 or 1 is small compared to the hot zone or
cold zone lengths. [Irom the location of the front, the boundaries
of z are al + ». The boundary conditions are as follows:

2. <0:

(V) As 7z » - o, the vapor flux ﬁv is given by an unknown

constant flux ﬁo‘

- <%
zJ

24

That is from tq. (2),

-’
ch 9. (n xg) * Ny as 72> = (5)
¥4

(2) At the wall, the vapor flux (ﬁv) in the radial direction is zero
as there is no condensation in the hot zone.

ar
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(1) At the condenser end, there is no vapor; only gas exists.

xg =+ as 1> +w (1

(2) At the wall (perfect sink), there is no sodium vapor due to

complete condensation. xv = 0 and xg -1
x =1 at r=r (8)

A mass balance on the gas is done to obtain the unknown vapor

flux ﬁo in terms of the initial molar concentration ¢y of the NCG at

T.
c
mass of mass of mass of
gas = { gas + | gas
in pipe in haot zone in cold zone
mass of mass of mass of
= | gas + | vapor + gas - | vapor
in hot zone in cold zone in cold zone

(9)

If the total length of the heat pipe is L_ and the hot zone length

P
is L, then Eq. (9) can be expressed in the integral form as,

L -L
P
c,L = j cx dz
ip
~-L
0 Lp—L ©
= Jagdz+f cdz—f—xvdz
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where ¢ s the total molar density of the mixture and the bar

indicates an average over the cross section. Simplifying the
integrals and bringing the constant c¢ (as cC and ch evaluated at

Tc and T, respectively) outside the integral, one obtains

0 ®
c1Lp = cp f xg dz + cc“‘p -L) - f (1 - xg) dz (10)
- 0

From ideal gas law, the molar densities at various temperatures are

expressed as,

P P AT P (1
cy = .1 ;¢ = o7 : ch=_.‘i_.)_
RIc RTc RT
where Pi - inftial charge pressure of NCG.
Introduce dimensionless variables as follows:
r = -r ; i = ’Z ’ '- = 'l—'-— [ ’-p = "E ]
v Ty v Ty
-»
NTr
0 - .TL ;g = _O_D! (0iffusion Parameter)
C
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c (L -1L1) -¢c,L L P,
Mop) - B L iRy - - P (1)

Celv Pv(1)

A new dependent variable y is {introduced in place of &n xg as,

. - '}
VF,2) - - %fﬂ (12)

Eq. (4) in cylindrical coordinates transforms to

2 Fay +3% -0 (13)

Boundary conditions, £q. (5) to (8) become,

27<0: 8> -1 as 29 -

az
% =0 at r = 1 (14)
ar
2>0: y»0 as 29w
ye=0 at r =1

Rearranging and normalizing Eq. (10),

® 0
- Ch - -
a(o,b) = (1 - xg) dz - 2 Xg dz
c
c
0 -
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Averaging the gas conceniration over the cross section,

1 ®
A(0,1) = 2 f rdr Iu - e Wyqz
0 0
| 0
-2 ‘{ rdr je-gyd; (15)
(2]
4] -
Letting
1 ®
F(g) = zf rdr f (1-e" )4z (16)
0 0
1 0
Fo(9) = 2[ rdr Ie’gydi (17)
0 -
Eq. (15) becomes,
A(e,1) = F(g) - % Fn(9) (18)

Solution Method

The partial differential fq. (13) and the boundary conditions

£q. (14) are solved for y(r,z) 1in the closed form using Bessel

functions as described by Sockol [17]). Once y is known, g can be

obtained by solving Fq. (18). The mass flux in terms of 6 and ¢
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are obtained by performing the radial inteqral numerically. A
simplifying approximation is wused for this purpose. For large

values of g, Fh(g) is negligible compared to Fc(g) and the

radial integral yields,

Fe(g) = 1 (wn g - 1.339) (19)
B

where B] = 2.4048 is computed from the zeros of Bessel function.

Now, the approximate equation for Fc(g) is

Fc(g) = A(0,0) = % (en g - 1.339) (20)
]
or
g = exp(1.339 + B]k) (21)

The energy transport by vapor diffusion from the hot to cold

zone Qv is given by

*
Qv = AMyNohgg  [cm’ x 9 x gmale  y J
gmole cn’ sec 9
2
- trVMvﬁohfg (W]
Or in terms of cD and g,

= 22
Q wrvathfgg (22)
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The values of ¢D for sodium-argon mixture as a function of
temperature are computed from the kinetic theory of gases using the
Chapman -fnskog relation as outlined in Appendix A. The diffusion
parameter g has to be very large at the beginning of the startup in
order to have large Qv and must drop to zero toward the end of
startup.

2.5 lransient Thermal Analysis

The transient state of the gas loaded liquid metal heat pipe
with a long adfabatic section at time t after the application of
evaporator power input 01 is shown in Figure 8. The top sketich
Figure 8(a) shows 1he heat pipe during the thawing process when
there is no heal output at the condenser. Figure 8(b) shows the
condition when the pipe s transporting and radiating out 0O at
the condenser.

2.5.1 Assumptions

(1) Axia) conduction is negligible compared to Ov during startup.

(2) The evaporator and adiabatic sections are perfectly insulated
(shielded) such that no heat 1loss occurs in the radial
direction.

(3) Axial and radial temperature variations within the same zone
(hot or cold) are not considered. The hot zone is at a
uniform temperature T and the cold zone (gas slug region) is
uniformly at ]c' Only the time dependence of temperalure and
the location of the hot front are analyzed, i.e., 1 = T(t) ;

L= L(t).
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(4)

(5)

(6)

(1)

(8)

(9)
(10)

(1)

2.5.2

(1)

There is no 1iquid return flow to the evaporator during the
thawing stage and there 1s enough fluid inventory to last till
the pipe starts up.

Initially, the wick structure is saturated with the working
fluid which is in a frozen state.

The heat pipe vapor core is filled with a NCG (argon) charge

at a pressure P, and temperature 1c' There is no separate

i
gas reservoir in the pipe.

No chemical reaction occurs between the fluid and gas.

The mechanism of vapor diffusion into the gas within the vapor
core is as outlined in the previous section.

Horizontal orientation of the pipe is assumed during startup.
Heat input to the evaporator is uniform along its length and
il can be conductively or radiatively coupled whereas the heat
removal at the condenser is radiatively coupled to the cold
sink at Ts'

The reservoir wick at the end of the evaporator is in good
capillary contact with the evaporator wick.

Definitions

Initial _hot zone temperature, or rise temperature (]Hi) is

the temperature at which the sodjum vapor pressure is equal to the

adjusted initial NCG charge pressure P, such that

1

L
Py(Tyi) = Py (- —-P )
Lo~
p 3
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(2) Startup temperature (THs) is the temperature of the hot éone

when the hot front has reached the beginning of the condenser.
(3) Rise time (ti) is the time requ'red to raise the temperature

of the evaporator to 1 from ]c (room temperature) after Lhe

Hi
Oi is applied.

(4) Startup time (ts) is the time tsken afler t1 for the hot

front to move to the beginning of the condenser, i.e., to move

Lhrough Lhe adiabatic length, LA.

2.5.3 Governing Differential Equations

Energy balances are conducted for the control volumes
enclosing the hot and cold zones of the heat pipe during the
transient states of hot zone diffusing into the cold zone as
depicted in Figure 8. Two sets of equations corresponding to the
thawing stage and transporting stage for each of the control volumes
are written with the initial and boundary conditions. The symbols

are explained in the nomenclature.

Hot Zone:
Thawing stage: 0 < t < tS : LE s Lg (LE + LA)
[CeLg + Ca(L - Lg)) g—{ = Qi -Qy - Op (23)

with boundary condition : T - TC at t=20

44
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Transporting Stage: ts <t <ow; (LE + LA) sLg Lp

[Cglg + Calp + Ce(L - Lg - La)] %% =04 -0 -0 -0  (29)

with boundary condition : L = (L. + L) at t=1

£ A 3
Cold Zone:
Thawing Stage: 0<t < tS ; LE s L s (l_E + LA)
ca(l - To) 4t = 25
Al c) it Qv (295)
with boundary condition : L - LE at t:=20

Transporting Stage: tS <t <™, (LE + LA) s L 5L

p
Ce(T - 1¢) 9L =0 (26)
C c dat v
with boundary condition : L = (LE + LA) at t - ts
Other known relations are,
Q - «r M cDh, g (Diffusion (27)
v vivofg Equation)
Q- (L - L - L) ol -TH) (External (28)
= .- - L € -
o o E AT s" "Radiation)
Q0 = 2ur Lhycgall! - 1 (Internal (29)
d v HCH ¢ Radiation)

Eqs. (23) to (29) are normalized using the following nondimensional

variables.
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L L | L
g = L, LE = _E , LA A, Lc - £ » ip P
r r r r r
v v v v v
Q Q Q
Q1 = E——‘——LT ’ QV = -c v f—— * Qr‘ = -C——- ——E———-—
3 "v 'c £ v 'c E v Tc
Q C C
Qo = -~—-2%-— 4, ST = _A ., Sp = _L
£ v e Ce Ce

The normalized equations and the boundary conditions are,

[2g + s7(2 - 2¢)] %% = q4 - Qy - Ar (23)

with boundary condition : © = 1 at t=0

or 0 < t« tS : QE £ 0 £ (nE + ‘A)

[2g + 570 + s2(2 - 2 - 2p)] g% =qf ~Qy -G - G0 (24)"

with boundary condition : % - (QE + IA) at t - ts

for ts <t <<m; (lE + lA) £ s lp

si(e - 1) 4t - 25)"
1 ) N Qy (25)

boundary condition : % : ‘E at t=0
so(0 - 1) 9% = g (26)"
2 dat v

boundary condition : % = (QE + 1A) at t-0
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q, - A9 (27)
«M cDh
where Ay = v . f
cETc
= A (L -, -) (e4 - 64) (28)°
qo o( A E S
3
D T
where Ag = :,Qfﬂf.g
Ce
- aa(et - ) (29)
9% ° Ay
where Ap = 2 ueeH®T ¢
Ce
[rom the diffusion analysis we have,
g = exp[1.339 + 2.4048 r(6,2)] (21)
Ae,2) = 8, -8 Ep_fil ()
' P p,(T)

With this, the formulation of the transient problem is completed and
the numerical solution technique is described in Section 2.6.
2.6. Numerical Computations

The governing differential equations and the initial
conditions, Egs. (23)' to (29)', are solved by numerica) integration

using the fourth order Runge -Kutta method for the 2 m sodium argon
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heat pipe design described in the next chapter [52]. A FORTIRAN
program called SODART was developed for this purpose. SODARI works
in conjunction with several subroutines written for specific
purposes. lable 1 1lists all those subroutines and their functions.
A flow chart illustrating the sequence and 1logic is given in
Figure 9. A listing of the SODARTY program and subroutines are given
in Appendix B.
2.6.1 Input Data

The input data required for the program is given in Table 2.
The temperature dependent properties such as the diffusion
coefficient (cD) and the enthalpy of vaporization (hfg) are input
as coarse table and interpolated within the program for fine
intervals. Since PV(T) is an exporientially varying property, the
empirical relation [Eq. (30)] by ODitchburn and Gilmour ([53]) is

used.

P, = 2.29 x 10" (1703 (10730171 (30)

where T is in degrees K and Pv in N/mz. A sample input data file
is also given along with the program in Appendix B.

2.6.2 Computation of Startup Parameters

The startup parameters to be computed are the rise time and

)

temperature (t1. THi)' startup time and 1temperature (ts, THs
and the sodium mass depletion rate from the evaporator (6). The NCG

initial charge pressure [P1(1c)] and the evaporator power input
(Qi) are the main #input parameters to start the computations. For

the given P,, the startup vapor pressure is found from:

1'
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TABLE 1. LIST OF SUBROUTINES AND THEIR PURPOSES
NO.  SUBROUTINE FUNCTION

1. INPSUB Reads the input data and transfers to the main
program, Calls WRITEUP to printout the input
data.

2.  RUNGE Performs the numerical integration of the
differential equations (first order time
derivatives of length and temperature dL/dt and
dT/dt) with the precision of time step (TSTEP)
specified. Runge-Kutta method is used.

3. CALC Computes g, Q,, Qp, and Qo from the
governing differential equation. Uses INTPOLT
and PVCALC to compute the temperature dependent
properties, hfg. cD and P,.

4. DERV Converts the differential equations to
differential quantities for numerical
integration.

5. INTPOLT Interpolates property data for any temperature
during the integration.

6. WRITEUP Prints the input and output data.

1.  PVCALC Uses an empirical relation to calculate P, of
sodium as a function of temperature.

8. STARTUP Calculates the starting temperature for the

given gas charge pressure (P;).
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PROGRAM SODART

!
( START

)

| 1=TIME + TSTEP |

f

—-b' ! ld-—-{ l<——4 ALC
AEAD INPUT DATA Call INPSUB Call WRITEUP (c:aaltt:?l\a’lgs
v Py=P()
T vs. H More inputs:
TvsC p.TSTEP WRITE
Rw.D.Lc. La. Lo ICOUNT.ITRACK INPUT DATA
Ce.Ca.Ce.Lp T
My, € €4 O Initalize Time Call PVCALC
Frc.TeTs an_d mais cajculates
PG TFINAL 0. m0 pV'P!(E
| Normalize Variables | Call INTPOLT
v Interpolates Hyg, CD
WRITE Call STARTMP Call PVCALC
initia Py, Calculate T for Calcutates Py(T)
Rise time, given Py
Rise temp. ;
[ t = time ] Caieuiate
Calculates G.Qy.Qy,
OQ. anam
Cal AUNGE i
erform numerica
Call DERV :
g:)t'evgerat(lgg tdolfferentiat | — gﬂ?"’“:i |G°E°m'"9
| Differential Eqns
%qent:og Runge-Kutta to dilferentials

y

no

Figure 9,

Call CALC

me G'Qv|0fv

Oo, andm &B"‘E
Denormalize resuits:
Variables ‘nmg Temp

|
t= EFINAL

( STOP )
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1ABLE 2. INPUT DATA FOR PROGRAM SODAR1 FOR 2 m LIQUID METAL DWAHP

10.

11.

12.

13.

14.

16.

17.

18.

19.

vapor Core radius (ry)
Evaporator length (Lg)
Adiabatic length (Lp)

Condenser length (L¢)

Total lenglh (Lp)

tvaporator unit thermal
capacity (Cg)

Adiabatic unit thermal
capacity (Cp)

Condenser unit thermal
capacity (C¢)

Molecular weight of
sodium (M,)

Emissivity of condenser
surface (eg)

Stefan -Boltzmann constant (o)

tmissivity of vapor core
surface (ey)

Shape factor between hot
and cold zone (Fyc)

Room temperature (1.)
Chamber sink temperature (15)

NCG charge pressure (Py):

fvaporator input (Q4):

Heal input increments
(LTHEAT)

Solution stop time (IFINAL)

51

= 0.635x102 m
=0.3715m
= 0.745 m
= 0.910 m
= 2.030 m

=9M.7117 d/m K

= 598.934 J/m K

= 886.340 J/m K

= 23

= 0.66

= 5.669x10-8 w/me x4

= 0.1

= 0.01159
= 300 X
= 300 K

0.05, 0.10, 0.20, 0.50,
1.00, 2.00 torr

100, 250, 500, 1000 W

. 0

- 3000 sec




) L
Py(THi) = Py(T¢) .. B (31)
('~p " l()
From the sodium vapor pressure relation [tq. (30)], 'Hi corre
sponding to pv(rHi) is computed. Applying the enerqy

conservation principle to the hot zone and neglecting the losses,

one obtains Lhe equalions for t1 and ts'
Q
ty = oo L (32)
Celeg (Tyy ~ 7o)
Q
tg = : R (33)
(Cele *+ Cptp)(Tyg - T

IHS is computed from the SOODART program by solving the governing

differential equations (Section 2.5.3)
During the time of thawing, vapor mass flow rate is governed
by Qv. If m is the rate of mass depletion in the evaporator during

startup, Qv can be written as,

N
O =y MNPeg = ™ Peg
or
. Q
m- .V (33)
h
fg

By integrating m with respect to time, the total mass of sodium

vaporized from the evaporator and transferred to the adiabatic

section is obtained.
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s L
M= s m dt (34)
0

This 1integralion is autumatically avatlable from the Qv computa

1ion in SODARI.

2.6.3 Results of Computations

A matrix of computations was done varying the Pi and Qi
values. For every value of 01 (i.e., 100, 250, 500, and 1000 W),
six P1 values (0.05, 0.1, 0.2, 0.5, 1.0, 2.0 torr) were varied,
and a total of 24 computations was done. In each set of
computation, the transient results t versus L, T, Qv' Oo' Or'
and M were computed for 3000 sec and graphed. The time step used
was 10'3 sec and the CPU time consumed in a COC mainframe computer

was 220 sec.

Table 3 lists the results of the stiartup parameters. It is
observed that the parameters time, temperature and mass fincrease
with 1increase in NCG charge pressure, P1. while the location of
the hot front decreases. Figure 10 shows the variation of the hot
front length with power input for various NCG charge pressures while
Figure 11 shows the same result in different form. The sodium mass
depletion from evaporator during startup as a function of NCG charge
pressure 1is plotted 1in Figure 12. The important design input
variable for heat pipe operating condition in terms of selecting the

NCG charge pressure is obtained from these resulls, 1i.e., the

inteqrated sodium mdss depletion values. Only the mass depletion
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Figure 10. Heat Front Lenglh Versus Heda! Input
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Figure 11. Heat Front Length Versus NCG Pressure
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Figure 12. Sodium Mass Depletion Versus NCG Pressure
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value of 38.0 g for P1 0.2 lorr satisfied the de<ign conditions
(evaporator and reservoir wick hold 38.23 g); hence, this value of
the <charge pressure was recommended. Other charge pressures
(0.05 2.0 Torr) also could be tried during the experimental phase.
The startup temperature necessary for a successful start with
reference to the characteristics of liquid metal heat pipe startup
(Section 2.1) was obtained.

The major aspects of the transient resuits of the compulation
are presented in the graphs of Figures 13 through 28. ‘tach graph
shows six curves corresponding to the six charge pressures and
represenls one of th= “sur parameters (L, 1, Qv, or 00).
figures 13 through 16 corsespond to O1 - 100 W and show L vs L,
T vs t, Ov vs t, and Oo vs t, respectively. Three other sets of
figures (Figures 17 through ?8) show the results for 250, 500 and
1000 W in order.

The general trend of the 0v vs t curves 1is importanl. At
the stlarting time, Qv js as high as Qi and as the hot front
moves, OV drops exponentially to very low value at the end. 1he
kink in the curve where the slope changes signifies the abrupt
change in the therma! capacity of the adiabatic 1o condenser
sections. On the other hand, Qo remains zero until the hot front
reaches the condenser and increases fast to a maximum toward the
end. Tlhe variation of hot zone temperature during slartup is only
marginal. The rise temperature is as high as the starlup
temperature and this signifies the frontal nature of the startup.

These results are compared and corroborated with the

experimential data in the results and discussion section.
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Figure 13. Heat Front Length Versus Time for 100 W
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CHAPTER 111
DESLIGN ANALYSIS OF THE EXPERIMENITAL HEAT PIPE

3.1. Design Constraints/Requirements

The starting point of any heat pipe design is to consider the
operating temperature regime of interest, geometries and the heat
transport capacity requirements. 1lhe objective of the present work
is to investigate the startup <characteristics of the high
temperatlure DWAHP in the 1000 K regime with a selected nominal
lahoratory testable load of 2000 W. 1The most appropriate working
fluid 1in the temperature range 400 1000°C 1is sodium and the
compatible container easily available 1is stainless stleel. An
overall Tlenqth of 2 m and a lube diameter of 2.7?2 ¢m was chosen for
the physical dimensions for the heat pipe. The qeometry of
evaporator, adiabatic (transport) and condenser sections of the heat
pipe i1s always dictated by the application requirements of the
device. However, in a research device, the sizing ol various
sections is flexible. 7The evaporator length selected by the input
heat flux limit, 1ixed the type of heating employed. Kadial heat
tfluxes up to 100 W/cm? are common for odium hedat pipes. The

condenser length i dictated by the type of heat transfer coupling

available between  the  heat  pipe ard  the  sink. Radiative,
conveclive, or conductive «coupling is possible. In order 1o
simulate space radialor conditions and for simplicity of laboratory




testing, radiative coupling with a cold <hrouded vacuum chamber was
chosen.

Since the present study is an offshoot of the 2 m copper water
DWAHP, the mechanical design details such as the type of screen
wick, artery groove size, double wall feature, etc., were kept the
same as previous configurations for compari<on purposes [10,11].
Some of the special features included in the experimental heat pipe
design are:

(1) Single groove artery transporl section to sludy the
effects of orientation of the groove with respect lo the
gravity vector in 1 g testing;

(?) Noncondensible gas (NCG) Toading to sludy the rapid
startup from frozen slate.

From a fabrication point of view, the geometrical <hape and size of
the gqroove, vent siols, end cap design, screcn wick dssembly,
cleaning and filling procedures were chosen Lo be simple, safe and
within the Timits of available resources.

The basic design parameters available to starlt a detailed

design are summarized as follows:

¢ Working fluid Sodium

. Noncondensible gas Argon

) lemperature range 25 -1000°C

e Heat load 2000 W

e Container material Stainless steel

e Wick material Stainless <teel screen
. Total length 2m

16




e Outer diameler 222 x 107 m
e Heat inpul mode Direct contact electrical
resistance coil heating

» Heat removal mode fadiation couplting to a cold
shroud
3.2. Matertal Sclection and Compatibility

Sodi

um:  Sodium is 4 well characteriszed substance and s
available in very pure analytical grades. 1t has high thermal
conductivity in solid and liquid phases. the low vdapor pressure
even at high temperature (0.2x105 N/nﬂ at 1000 x) makes sodium
pressure containment ecasy since a relatively thin walled container
is adequate, lhe 1liquid transport factor or fiqure of merit
(oQPQX/pl) for sodium s 3x105 kw/cm? al 1000 K. It is compatible
with stainless steel, inconel, nickel and niobium which are
candidate wall materials for high temperature heat pipes. The
intrinsic drawhbacks with sodium are its handling hazards and the
frozen sltale at room tlecmperature. txtreme care is required in
handling sodium 1in order to ensure personnel safely and heat pipe
working fluid purity. A Tlist of selected properties is given in
Appendix (.

Stainless Steel: Tlhe steel alloy chosen here is S5 304 which
has the properly of good corrosion resistance. While inconel may
have been preferred over stainless sleel from high temperature
strength and (orrosion resistance points of view, availahility in
required size tubings, bar stock and woven screen mesh dictated the

selection. lthe ultimate tensile strenglh of SS 304 drops from

’ ) 2
b?OxlOb N/m (90 kPsLl) at 300 K to ?lelﬂb N/m (30 kPSL) at 1100 K.

1




The end cap <ize and wal! thickness of the heal pipe envelope are
governed by this high temperature strength limitalions.

High Temperature Fill Valve: A valve at the condenser cnd of
the research heat pipe is essential for processing such as
evacuating, filling the working fluid or the noncondensible gas, and
burping the excess (f(luid/gas if necessary. A high temperature,
bellows Lype, all-metal (stainless sleel), all welded construction
valve manufactured by NUPRO was selected. This valve has a stellite
tip for the valve stem. 1t is rated for service at 649°C and
17,200 kPa or at extended ratings of 816°C and 340 kPa if self
lubricating fluids such as 1liquid metals are used. A secondary
packing of grafoil, lubricated by moly disulfide base paste, seals
the valve for protection of personnel in case of harzardous fluid
leaks.

Arqon: [he noncondensible gas (NCG) chosen is the 99.99%
pure, dry, oil and moisture frec, laboratory gqrade 5.8 AIRCO
supplied specialty gas, argon. The requiremenls of the NCG in the
presenl application are low solubility and non reacltivily with
sodium even at high temperatures. The solubility constanl (Ostwald
coefficient) for argon and sodium at 500°C is 2 21x10™° and it is
considered that argon is insoluble in sodium for practical purposes.
Also, argon is inert and does not form any compound with sodium. In

contrast, nitrogen could be used as the NCG since the solubility

constant is very low (3.11x10 % at 500°C): however, it is nol

considered because sodium is known to react with nitrogen atl high

{emperatures (>300°C) forming sodium nitride.
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3.3  Mechanical bDesign Details

A detailed design is carried out based on the dvai'able design

parameters and constraints in order to determine the following:
(1) Vapor core diameler lo provide a vapor Mach number of 0.2
which would eliminate vapor compressibility effects and
sonic flow limitations.
(?) The container details such as evaporator, adiabatic and
condenser s~ection lengths, wall thickness, and end cap
dimensions.
(3) The capillary wick details and flow pressure drops.
(4) The artery groove size (depth and width) and screen wrap
details.
(%) The heal transport limits such a4 capillary, sonic,
boiling, and condenser radiation limitations.
(6) The fluid inventory and NCG initial charge pressure.
3.3.1 Envelope Design

The chosen totd!l length of 2 m 1is to be divided into
evaporator, transport and condenser lengths. from the radiation
limit calculations (refer Lo Section 3.5.1), it is found necessdry
1o have a minimum of 0.917 m long condenser section. 1he heat pipe
will be radiation limited if the condenser is shorler than 0.91 m.
The lumped thermal capacity analysis (Section 3.4) is wused 1o
determine the lengtih of evaporator needed mdinly from the standpoint
of working fluid requirement during startup. Accordingly, the
evaporator length is 0.37% m which is divided into a reservoir wick

length of 0.12% m and the heated evaporator length of 0.25 m. The
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remaining heal pipe length of 0./4% m is available lor the Lran.porl

section which is sufficiently long for the cxperimental laboralory
study. To summarize this design, the total Jlength (LP) and

effective length (Leff) are written as follows:

T T S (35)

or 2.03m- 0.315m ++ 0./145 m 1 0.9l m
Leff - 0.5 LL } LA + 0.5 Lc (36)
= 1.388 m

The minimum vapor core diameter required for an axial heat f{lux of
2000 W at 1000 K nominal operating temperature and vapor Mach number

Timit of 0.2 is obtained as dv - 8.32 mm from £q. (37).

2 20 Q
dy = max (37)

1pv1 " YVRVTV

The vapor pressure of sodium at a possible maximum operating

temperature of 1400 K i 0.6061x106 N/m? and  ‘*ve2  ultimate
tensile strength of SS 304 at this temperature - 120.7 x IO6

N/m2 as qgiven in Appendix D.

The diameter ralio of the contdiner tube is obtlained f(rom

Aprendix £ as Do/Di - 1.05 for Pv - 0.606 MPa and ru 120.71 MPa.

80




An available standard SS 304 tube slock of 2.72 c¢cm 00D, 1.89 cm 10,

and 1.65 mm wall thickness is selected for the cnvelope. The exlird
wall thickness provides added safely for this design. However, the
associated heavy thermal mass has to be lolerated. 7The flat end cap
thickness is also ohtained from the design chart of Appendix F as
/0, - 0.0/5 for the above vapor pressure and strength values.
Therefore, the minimum required end cap thickness is t - 0.075 x
2.22 cm 1.67 nm. Actual thickness used is 6 mm for the
conveniences of machining and welding.
3.3.2 Wick Design
The wick confiquration chosen 1is a version of the double
walled artery concept researched by the author in the recent pasl
[10,1Y]. A c(ross sectional view ol the wick geometry is illustrated
in Figure ?29. In general, the double walled wick arrangement
consists of:
(1) A cylindrical, selectively perforated and externally
grooved (axial) inner tube wall;
(?) An inner annuli screen mesh wick; and
(3) An  outer tube envelope with internally gruoved
evaporator all packaged in d sinqgle concentric
assemhly. The inner tube contains the artery transport
groove wick and firmly presses the inner annuli
evaporator supply screen wick against the outer tube.
This feature ensures that the screen wick remains in good
mechanical contact wilh the ouler tube throughoutl ils

operating life, thereby enhancing the radial heat
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transfer in the evaporator dand condenser sections. 1t is
of particular importance in the Tliquid metal heat pipe
evaporator since hot spot development due to the detach-
ment of screen wick from the wall is common in conven

tional screen wick designs. Suitable vapor veni cut -outs
along the axial grooves of the inner tube provide for the
vapor injection from the evaporator and the vapor suction
into the condenser screen wick. The screen wick is formed
of spirally wrapped multiple layers of wire mesh with
suilable pore size to give the required capililary head.

The special feature of this design is the enlrainment -free
vapor transport due to the physically separated vapor and 1liquid
flows in the adiabalic section. Other characteristic features
uniquely incorporated in the present wick design are:

(1) Single groove transport artery as opposed to multiple

grooves;

(2) Screcnless, ventless, and groove only transport seclion;

(3) Non constant groove widths for evaporator/condenser; and

transport sections.

Inner and Outer Tubes: The inner tube diameter and the wall
thickness are determined from the requirements of the vapor core
diameter and the artery channel size, respectively. Also, the
availability of standard tube stock dictales the choice of the
dimensions., Hence, two standard seamless extruded tuhe sizes were
picked. lhey are, 2.22 cm 0D and 1.65 mm wall outer 1tlube and

1.905 cm 0D and 3 mm wall inner tube. The 12.7 nmin [0 of the inner
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tube more than satisfied the B8.32 mm diameter required for the vapor
core and the 2 am wall was adequate to machine an artery groove of
up to 2.4 mm (3/32 inch) square (see Seclion 3.3.3 for artery
dimension).

Screen Wick: The screen or the capillary wick radial
thickness depends on tlhe radial temperature differences (A7)
permissible at the evaporator and condenser sections. larger wick
thickness means higher thermal resistance and consequently larger
AT across the wick. On the other hand, smaller wick thickness may
not be sufficient to hold enough working fluid. 1In addition, the
main parameter controliling the heal transfer across the wick is the
effective thermal conductivity of the fluid saturated screen wick.
Several analytical and empirical models are available in the heat
pipe literature for effective thermal conductivity. Section 3.3.5
deals with this in detail. 1he screen wick tube diameter ratio can
be obtained from the radial heat conduction equation for Lhe

cylindrical geometry given in tq. (48B).

2u L Al
e |£ keff r,s (38)

Ur,s ’ :
tn (do/di)s

Qr - 2000W, L, - 0.25m, 39 W/m K (for sodium saturdatled

E Kert
stainless steel wick at 1000 K using series parallel model) and
A1r S is assumed nol to exceed 5 K. 1L may be noted on similar

calculations, that the Al across the outer tube wall is aboul

15 K. For A]r - 5 K, the above equalion gives (do/di) - 1.166
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and knowing do - 1.89 cm, di is evaluated as 1.62 cm. Hence,
the total thickness of the screen layers is 0.135 cm. The wire

diameter of the 40 x 40 cm‘] screen  mesh, d - 0.1143 mm.

Thickness of one layer of screen - 2d - 0.7286 mm. Number of layers
of screen - 1.35 mn/0.2286 mm - 5.9. 1n order to be consistent with
the previous copper walter heat pipe design, a 4 laycr screen tube
was selected. Ihis incidentally reduced the A]r,s to 3.3 K.
Capillary Pumping Head: 1In a composite wick, the effective

capillary radius is that of the pumping wick (screen) and hence, the

capillary radius,

o .
v 19
¢ N (39)

L. 0.0005 in. : 0.127 mm
2x100

lhe maximum capillary pumping head provided by rc is given as:

20
Pem™ % (40)
r
C
2
At 400°C, Pem = 2X0.159 - 2503.9 N/m
0.127 x 10

from the thermophysical property data given in lahble 4 for sodium,
the capillary pumping head at various temperatures can be

calculated. The norma) and axial hydrostatic pressure drops given




1
[ M LA X
|2,-01X€9:50 01, 01X52BSC°0|, _0LX9L650°0f, _0Lx¥8090°0 (-0LXS¥190°0}, _01*2E990°0}, 0LXBLYL0"0 (U°N) T, 40 ¥ Joldey
ﬁmu\xv
. . . . . . . L PO A |
2, 0ixr08 L 2,0L¥6€6° L 2,01x850°2 Jotxuere g otxeeee 2.0txs2e ("n/x972) 403004 juodsursy
(W/N)
vCcL0 €LL'0 €2t°0 2ri’o 151°0 651°0 Yo ‘yoysuay adesung pyndyy
(% Basc)
. . . . - 0 >
,01X%0°6 01Xv0°6 01X90°6 0Lx¥0°6 PSS 0LXY6°6 nu ‘303K 2}4}29ds J0dRA
mo_xrm.~ mopnmm._ mopn—o.o ~op~mm.o A~e\zv >m ‘34NSS3ug Jodep
ANe\uam.zv
. . . . h- . Ay o
y-0LX¥2 0 p-0L¥E270 y-01x22°0 y-01%6L°0 y-01X8L°0 y-01X69L°0 K1}502s4A Jodep
N!
g-01X9L0 ¢-OUxXLio ¢.0Lx8o g-otrizo -oLxPz’o ¢-01x8L2°0 (33%<W) 40 (205 w/by)
T ‘R1psodsia pindyy
. . . . . . ] ‘A3LA335NnpuU0)
806+ SE €S 18°¢s 29 80°0¢L 699 2L (/M) Ty Lewiayl PinbyI
199°0 90€°0 $EL'O £L0°0 €00°0 g-01X2¥2°0 Ans\oxv A <Ryysuag soden
$°52L vSKL £ L85t v'508 L"828 6558 Ane\oxv Y4 ‘Ayjsuag pynbid
qotxLee’e gOLXELeE gOLXLLE S QOLXEvZY gOLXLE"Y gotxere’y (6a/c) Y ‘319N vl
0001 006 008 009 00$ 00y
Aiaadoug
WNI00S 30 VIVQ AL¥3Id0¥d WITSAHAOWMIHL b Ti8vlL

86




by tgs. (41) and

(42) are subtracted from P 1o obtain maximum

cm

pumping head available.

At 400°C

AP

AP

P
pm

APl plg dw cos ¢ (41)

855.9 x 9.81 x 1.89 x 10 i’ x 1 - 158./ N/m2

p[g d sinyg 0 (for horizontal heat (42)
W pipe operation)

pcm ’ Apl - APA (43)

Table 5 lists these values for various temperatures.

TABLE 5. CAPLILARY PUMPING HEAD AVATLABLE

Temperature Pcm APL Ppm
(°C) (N/m?) | (N/m?) (N/m?)
400 2504 158.7 | 2345.3
500 2318 153.5 | 22245
600 2236 149.3 | 2086.1
100 2094 1416 | 1952.4
800 1931 140.4 | 1796.6
900 1119 138.2 | 1640.8
1000 1638 134.% | 1503.5

WITH 40x40 cm~! MESH AND SODIUM
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3.3.3 Artery Design

The artery channel de<ign procedure fotlowed here is the came
as that used in the 2 m ropper water heal pipe [4,11,55]. The
groove sizes used for water heat pipe should work for the sodium
heat pipe also since the liquid transport factor at the respective
peak operating temperalure for sodium is 4.2 times qreater lthan lhal
for water. In principle, cven larger grooves than those used in
water heat pipe may be employed for sodium heat pipe. However, for
the sake of comparison and other considerations such as wetlability,
wetting angle, etic., the dimensions of grooves are retained the
same. Accordingly, the number of grooves on the evaporator and
condenser sections are 24 and their sizes are 0.79 x 1.4 mm. On the
transpor! section, only one 2.4 x /.4 mm groove is necessary as a
Viquid transport dartery. Incidentally, this single groove
arrangement helps in testing the heat pipe for artery orienlation
effects (with respect Lo qgravity vector) and acts as a scaled down
model for easy low power tesling. The approximate scale down

criterion used is as follows:

Theoretical transport capacity of the copper water heat pipe with 12

artery grooves = 5142 W

Capacity for 1 qroove 5142/'2 - AYB.5 W

tfor sodium heat pipe with 1 artery groove of the same size, the

capacity : 4?28.5 x 4.7 (lransporl faclor ratio)
1800 W

lhis is close to the nominal 2000 W capacily sel as the design goal.
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the inner Llube groove and vapor vent details are shown in
Figure 30. Alternate qrooves in the evaporator are vented whereas
all the gqrooves in the condenser are vented. No veni slots are
provided in the adiabalic. A short capillary insert is installed
within the adiabatic groove at the evaporalor exit.

Self Priming Requirement: Arterial heat pipes should be
capable of priming with the working fluid within the capillary
spaces al all times. 1f an artery becomes depleted of working fluid
due 1o external intluences such as evaporator dryout or unfavordble
tilt in 1 q environment, it should be able to reprime automatically
once the external influence is removed. Such an artery is called a
self priming artery. Self priming requiremenl can be satisfied by

limiting the diameter of the heat pipe to within the maximum

capillary height potential (H) given by the relation,

(44)

for comparison purposes, H has been calculated for several wick
structures as given in lable 6. [n the presenl design, the
circumferential flu’d distribution is accomplished by the screen
wick at the evaporator and condenser. 1lhe capillary grooves prime
from the screen and the larger (2.4 x 2.4 mm) artery groove primes
from the 0.79 x 0.79 mm grooves in the condenser section.

Artery Dimension: The artery in a heatl pipe could he a screen

tube, groove, a<.-.ar >pace, or a circular tube. In the double wall
design, it is  L.venient to machine square groove on the inner tube.
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(SCREEN, GROOVE, AND CIRCULAR TUBE)

TABLE 6.

Temperature V46;46~;;:1m
(°c) wire mesh
re = 0.127 mm

""""" s00 | 29.27

600 55.30
00 | 2106
T e |

00 | 203
w0 | a0 |

Theoretical Wicking Height, H (cm)

COMPARISON OF WICKING HEIGHIS FOR SODIUM IN VARIOUS WICKS

0.79x0.79 mm 1.59 mm 1.59x1.59 nm|2.38x2.38 mm
groove dia. circular groove groove
r =0.719 mmfr = 0.79 mm (r 1.59 mm|r - 2.38 mm
c C L C
4.68 4.68 2.34 1.56
4.53 4.53 2.26 1.51
| o SRR SRS S
4.47 4.4] 2.24 1.49
e o e R SN S ——
4.11] 4.11 2.09 1.39
3.89 3.89 1.95 1.29
3.68 3.68 1.84 1.23
| - e P, —_ -
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In order to arrive at the width of the groove, a conservative approdch
is used wherein the groove should he able to prime Lo the height at
least equal 1o the diameler of the heal pipe. lable 7 gives lhe
artery widths at various temperatures. At /00°C, the calculatled value
of w is 2.69 mm and the chosen width of 2.4 mm is well within this
estimate. An optimistic estimdate hdased on the priming heighl equal to
the width or depth of the groove itself is also made and the numbers

are qiven in Table /.

TABLE /. SQUARE GROOVE ARIERY SI1/F FOR SODIUM

Temperature | Artgry wldlh w’;‘é
(°C) Conservative Optimistic

Design Design

(mm) (rom)

500 2.85 6.09

600 7.73 5.99

100 2.69 5.96

800 2.4] otk
900 2.21 5.56
1000 ?2.12 5.41

Equations used:

2 8 cos 6
1. Conservative Approach: w =1[d, - dg - % i (45)
? 9(py-p,,)
s e s 20, COS O
2. Optimistic Approach: w = S S (46)
9(py-r,)
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3.4. ltumped Thermal Capacity Analysis
3.4.1 Confiquration Summary
e Design details as in Section 3.3.1
|A/Lc 33/719/91 ¢m lp 203 cm
D - 2.22 cm
o

L;/
« Single groove artlery in adiabatic; multiple groove
screen covered evaporalor and condenser
e Reservoir wick in evaporator
« Fxcess metal in inner tube cul outl in adiabatic
e Sodium working fluid; argon as the noncondensible gas
) trozen start from room temperature (10)
3.4.2 Objective
lo ftind the maximum length of adiabatic section that can be
ltolerated in the 2 m 1long heat pipe without drying out the
evaporator. Also determine the size of the liquid reservoir wick at
the evaporator end. The skelch of the heat pipe is shown in
I iqure 31.
3.4.3 Assumptions
(1) ALl the sodium in the evaporator is transferred in Llhe form of
saturated vapor (no superheal) to thaw lhe adiahalic seclion
and 1o move the hot zone {o the beginning of the condenser.
(?) No liquid return Lo the evaporalor during slartup.
(3) tor a given noncondensible gas (NCG) charge pressure (Pi)’
there is o fixed evaporator temperature (IH) 1o which Lhe
evaporator has to be heated up before the hot sone moved to the

adiabalic section.
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RESERVOIR LIQUID RETURN

SINGLE CHANNEL

ARTERY
Qour. NON CONDENSIBLE

} 444 6AS

F‘LRL‘I-___LE g —— LA — ” H ‘J— Le——
[+— EVAPORATOR +~1~—— ADIABATIC ——>{<~—— CONDENSER —
To—=Ty To—Ty COLD

2% ot zone e

ZONE ~

- — - L ——————————— s ——pd

Figure 3). Single Channel Liquid Metal DWAHP wilh Reservoir Wick
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(4) No heat losses in the adiabatic section.

(5) Only vapor dilfusion is considered for eneryy transport. No
axial conduction through wall,

(6) lhe initial power input  is less than the sonic limit
corresponding to the desired startup temperature (IH).

(1) 1lhe reservoir wick is in qgood contacl wilth the evaporalor wick
and there is fluid communication hetween the two wicks.

(8) Sodium working fluid is uniformly distribuled within the wick
structures (screen and grooves).

3.4.4 Energy Balance

lor the hot front to move from evaporator exit to the

beginning of the condenser, the enerqy supplied externally to the

evaporator has 1o vaporize the sodium in the evaporator. The latent

heat of vaporization stlored in the vapor is transferred to the

adiabatic section by condensation of 1he vapor. A lumped energy

balance under steady state can be written as follows:

Energy carried by tnergy required to
Energy input the saturated sodium raise the adiabatic
to Evaporator% vapor from evaporator) 2 section from T, to
to adiabatic at Ty
temperature Ty
(47)
Q1 2 mNa xNa(TH) 2 CA(TH - To) (48)




For determining the cxact quantities of sodium titl and the possible

max i mum 'A' tq. (A8) can he written a-:

txpanding the terms we can write,

™Na " Na ¥ M™a *Na'Tw!

tvap Evap Reservoir

screen groove wick

= (mgsCp,ssta + MNaClp,Naba) (Th - To) (49)

where

mNa mass of sodium in the wick per unit lengtlh
mss - mass of stainless steel wall per unit length
kNa(TH) - heat of vaporirsation for sodium at temperature IH
cp,Na : specific heat capacity of sodium liquid
Cp,ss - specific heal capacity of stainless <teel
LA - adiabatic length
1H - hot zone temperature
]o - room temperature

The mass terms are writlen and simplified by substituting the

cross sectional areas and wick porosities as follows:
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m
Na . AlecSpQ
tvap
screen
0.3725345 1 i
™A AN T g
(vap 9
qroove
0.76613 LEpQ
MNa N )
Reservoir
wick
2. 1167
2.11679 LRpQ

The LS of tq. (49) becomes,

s , , ,
((0.32535 1 0.26613)L 1 2.11629 L)p Ay (1))

0. 2.1 162 ,
(0.59148 L+ 2.11629 1 )pon (1)

Na H

(0.54829 'l 1 1.96618 | (1.))

R)de H

the density of sodium Py 0.92/ g/cm3 corresponding Lo the
phase change temperature of 97.83°C has been used since only that
much of sodjum can bhe stored in the wick pores. The latenl heat of

sodium kNa depends on the startup temperature l“ which can he

varying from 400°C to 800°C.
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Similarly, substituting the specific heat and mass  values  and

simplifying, we obtain:

The RHS of tq. (49) - (5.91343 1 0.0/5903) \A(IH : 10)

5.98934 L (1. - 1
> Ay 1)

Now, Fq. (49) can be written as:

(0.54829 '4 +1.9618 LR) kNa(TH) = 5.98934 IA(IH 10) (50)

f

for sodium vapor, the transitional flow regime (from frec molecular
flow) to continuum {low regime occurs at 340°C. In a gas filled
heat pipe such as our present design, the vapor flow attains
(presumably) continuum flow regime before the hot front dt Lhe
gas vapor bounddry starts moving away from Lhe evaporator. Above

520°C, 1he sodium heat pipe switches 1o isolhermal operalions.

Substituting  f, - 340°C, I 25°C  and A, (340) - 4393 J/g

in Eq. (50) we obtain,

0.54829 LE + 1.9618 IR - 0.42946 IA (51)

From the design details we have,

Loos# b+ 1+ 112 ¢cm (52)
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For practical consideralions we can assume that,

lherefore, tas. (51) and (5?) become

1.09658 LR + 1.9618 LR 0.4294¢6 LA
or 3.05838 IR - 0.47946 lA
and 3 LR ' IA 12
Solving fqgs. (54) and (55)
LR = 11.06 ¢cm
LA = 78.80 cm for TH = 340°C
= 22.1
LE 2 2 cm
lo give a factor of safely on the starlup
assume 1” = 400°C
kNd(400 C) - 4380 J/q ; ‘H l0 = 375
99

temperature

]
H

(53)

(54)

(55)

let

us




tq. (50) becomes,

0.54829 LF + 1.9618 LR - 0.512786 | (51)

A

Using Eqs. (52) and (53) as before, we obtain

LR = 12.50 cm
La = 74.50 cm
for Ty = 400°C
LE = 25.00 ¢m
LC = 97.00 cm

We select this result for sizing the heal pipe. It may he noted
that even though this analysis does not predict the movement of the
hot front as a funclion of time, it is accurate cnough lo tel) thal
the front can reach the condenser hefore the evaporator dried oul.
3.5 Performance Limits

The performance of the heat pipe is judged by ils ability to
transport a desired amount of thermal enerqgy supplied at the
evaporator end to the condenser end with a minimum temperature drop
and without causing a dryoul. The temperature dependent heat
transport capacity of the heat pipe under steady state conditions is
limited by several other faclors such as sonic limitation, capillary
limitation, boiling limitation, entrainment limttation, and
condenser radiation limitation. A quantitative estimate of each of

the limitations is as follows.
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3.5.1 Condenser limitation
This is an external )limitation due to the radiative coupling
of the condenser to the cold wall of the chamber. The net radiant

enerqy exchange from the heat pipe condenser to the cold chamber

wall is given by Stefan's formula.

4 4
0, - AcealT - T)) (56)

Here, Stefan -Boltzmann's constant, o = 5.67 x 10']2 w/cm2 K4;

emissivity of the oxidized stainless steel, €’ 0.6; area of
2

ithe condenser, AC . Dc Lc = 425.6 cm for DC - 2.22 cm

and lc - 60.96 ¢m; the chamber temperature, 15 is assumed to be
the average of 1the 25°C cooling water inlet and 80°C outlet
temperature or lS - 52.5°C; the heat pipe operating temperature, 1
can vary from 400-1000°C. Or has been calculated for LC - 30,
60, and 90 cm and tabulated as shown in Table 8. This limitation is
sketched in Figure 32 along with other limitations.
nic Limitation

Sonic limitation generally occurs when the heat pipe is
operating at low vapor densities (that is at low temperatures) and
high vapor velocities. Critical and choked flow conditions exist
when the vapor velocily at the evaporator exit becomes sonic
(Mv 1.0). In liquid metal heat pipes, the sonic limitalion is
very significant during the startup phase. At this 1imit there is a

maximum axial heat transport rate due to the choked flow and a fixed

axial temperature drop along the evaporator, which is associated
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HEAT TRANSPORT RATE, WATTS

400
200

2 m Sodium - SS 304 DWAHP

Single Channel Adiabatic Artery

Lg/la/le - 33/79/91 cm 00 = 2.22 cm
vapor Core Dia = 1.27 cm

j~CONDENSER RADIATION LIMIT

SONIC LIMIT Lc*9lem €=06; T, = 325K
=6 =

}c Ocm L9 30cm

CAPILLARY
LIMIT

I ] 1 1 L |

400 S00 600 700 800 900 1000

TEMPERATURE, °C

Figure 32. Heat Transport Limits Q Versus T
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TABLE 8. CONDENSER RADIATION LIMITATION

lemperature Radiation 1imit, 0r (W)

. - WL-- - e - _—— - peee e
(°C) (K) Lc = 30 cm LC = 60 cm LC - 90 cm
S T E Y EERE

400 613 140 280 AN
I | RS S
500 113 250 500 151

600 873 413 825 1231

700 9/3 640 1281 1922

- . L i . e e maeime o e PR R
800 1013 951 1903 2854

900 1173 1362 1903 2854
1000 1273 1893 3786 5680

I SR S

with any given evaporator entrance temperature. Increasing the heat
rejection rate beyond the sonic 1imit 1lowers the condenser
temperature, induces supersonic vapor flow, and creates very large
axial tlemperature gradienls along the pipe bul it does not increase
heat transport rate. Consequently, near isothermal operation is not
possible. Levy's equation Js used to calculate the sonic limit

[4]. That is,

0.5

RT
) ' 57
Uonic = AvPor| LV O (Levy's Equation) (57)
2(7v+])
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Subscripts v and o refer to the static and stagnation states of the

vapor, respectively. Ffor sodium yy - 1.6/ and Ry - R/M - 361 J/kq K.

The vapor core cross -sectional area Av = «d?/d - 1.7267 x 10 4m?.
Using the property table for sodium, Osonic has been calculated al
various temperatures.
Temperature (°C) Qson1c (W)

40?2 36.8

452 122.3

502 343.9

552 849.3

602 1891.5

Sonic limit curve 1is plotted in Figure 32 along with the other
Timitations. It can be observed that the sonic limit determines the
present sodium heat pipe transport capacity in the 400-560°C range.
The presence of NCG in the heat pipe may affect the sonic
1imit calculations based on Llevy's equation. The effect 1is
favorable to a frozen startup situation since the NCG slows down Lhe
vapor moltecules and possibly prevents them from attaining sonic or
supersonic velocity until the vapor pressure becomes equal to the
NCG charge pressure. Once the vapor pressure exceeds the NCG charge
pressure, then the sonic 1limit by Levy's equation will be
applicable. Any variation 1in temperature varies the lenglh of

active condenser,
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3.5.3 Capillary Limitation

Capillary wick priming considerations: In composite wicks,
capillary pumping is achieved by surface tension forces created by
the small pores of the screen wick at the liguid -vapor interface in
the evaporator where the evaporation of the liquid takes place.
l.iquid from the condenser section flows through the artery channel
into the evaporator grooves and then radially inlo the screen layers
1o make up for the depletion of fluid by evaporation. T1his process
of saturating lhe wick 1s called the capillary priming and this has
1o be maintained at all times of the heat pipe working.

Capillary finserts: As evidenced by the low temperature visual
tests on glass walled copper-water heat pipe, a possible vapor
back flow into the liquid channel is prevented using a screen insert
at the evaporator exit. However, this insert offérs exird
resistance to the return liquid flow.

Liquid Flow Resistance: The pressure drop associated with the
liquid flow in various segmenis of the wick structure is modeled as
a set of series and parallel resistance paths. The total pressure
drop 1is calculated from these resistances. Eq. (58) gives the

liquid flow pressure drop in the wick structure for elemental length

dx.

dp '
.. - Qtpqgsing (58)
dx L L

o is the liquid friction coefficient defined as:

b - o2 or . 1.y (59)

Kot W

105




The capillary transport capacity of the healt pipe s inversely

proportional 1o 1his factor r!. lor horisontal operation of the

heal pipe, y - 0 and Eq. (58) simplifies to:

= -0 (60)

Upon integrating over the desired lenth Ax of {low in wicks,

-aP, - (F 8x)Q (61)

The above equation is analogous to an electrical resistance circuit
where I\P‘L corresponds to voltage drop, Q corresponds 1o
current, and Fle corresnonds to resistance. Hence, the liquid
flow resistance due to the various segments of the wick structure

can be added in series 1o get the total resistance.

(F!l)eff ’ (Ftﬁx)totdl

= (Fgbr)evaporator *+ (Feli/2)evaporator screen
screen and groove
radial axial effective

t (Folp)inserts  + (FILA)trqnsport groove
axial axial

t (Folc/2)condenser screen ' (FoAr)condenser
and groove screen

axial effective radial

(62)
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The 1individual vresistances which are funcltions of the wick
mechanical properties (permeability, area, etc.) and the fluid
properties (kinematic viscosity and latent heat) are compuled. The

details are given in Appendix G. 1lhe result is,

12 v 2
(Fgl)eff = 15.2085 x 10 (_%) [(N/m ) /W] (63)

Approximate Capillary Limit Calculation:
An estimate of tLhe capillary limit neglecting the vapor flow
friction effects (rv) is made in order to obtain a first-cut

approximation using tq. (64)

. Pon (64)
I N
L eff

Q

and the values are listed in lable 9.
Vapor_Flow Friction Factor (F):

The applicable equations from Reference 4 are,

f R
vty (65)

; S
? rh,v Avpv\

where f Re 16 if Re £ 2300 and M £ 0.2
vV v v v

4 Q
Re - _'h,v° (66)
1]

- Q (67)
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The vapor core dimensions are,

0.635 x 10 ° m

A nr: 1.2667 x 10 a m2

Re, = 100.255 Q_
n A

Rev is calculated in terms of 0 for various tiemperatures and
listed in lable 10. 1he 1limit of heat transport rate allowed to
satisfy laminar vapor flow condition is obtained by selting the
condition, Rev £ 2300. Also, Mv js calculated in terms of Q
by substituting Y, 1.6/ and Rv - 361 J/kg K for sodium in
Fg. (61) and listed for different temperatures in Table 10.
Initially, Q is unknown to determine Rev and Mv and hence the
approximate estimatles of Qc] (Table 9) is wused to start the

calculations. The conditions,

Mv < 0.2 (lncompressible flow)

MV 2 0.7 (Compressible flow)

are used to determine the compressibility of the vapor. Based on
the sonic limit and the operating power limit known, the vapor flow
is found 1o be laminar in the entire range of operating temperature
and compressible up to 600°C and incompressible atl temperatures
above

600°C. the applicable equations for Fv are,
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Re < 2300
8u v
Fy = - v for { M £ 0.2 (68)
A
"h,v Aoyt (Laminar and incompressible)
By vy 12 -0.5 Re < 2300
Fy = — o ¥ T+ XMy for (69)
2 2 M > 0.2
"h,v Avpvx v
’ (Laminar and compressible)
P
0C2 o . ,___p_‘l‘..,,,‘ . (70)
(Fl ' Fv)'eff
After calculating Iv' the capillary limit ch is calculated
using tq. (/70) and Lefr - 1.4) m. The results are given in

Table 9 and Figure 32. 1t should bc noted that the vapor flow
friction is very high during the startup tlemperature regime (up to
540°C).
3.5.4 Bolling Limitation

The boiling limitation is a limitation of the radial heat flux
density al the evaporalor due to the formation of vapor bubbles
within the wick stiucture. 1he bubble formation is undesirable
because il can cause hot spots and obstruct fluid circulation. In
liquid metal heat pipes, this limitation is notl serious since liquid

metals have high thermal conductivities. The series -parallel model

given by Chi [4] for ihe effective thermal conductivity (keff) of
sodium saturated stainless steel wick is given in kq. (7V1).
: - . -k
kpp -l k) - T ek s (M)

(kg v k) + (0 - e)lkg k)T
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The thermal conductivity of steel, kS is 1.3 W/m K in the nominal
operating temperature range of 500-1000°C while that of sodium
liquid, kl varies from 70 49 W/m K. Substiluting ¢ - 0.6289
for the 40x40 rm-‘ wire screen with 0.1143 mm wire diameter in

tq. (71), one oblains

k =~ 44.42 W/m K at 400°¢C
eff

or 34.21 W/m K at 1000°C

Boiling 1imit is given by

2n bk 1
bk Y (20 b (12)
kvpv n (rO/r1) L
The nucleation radius, rn , is determined using the nucleation
theory of Rohsenow and Beryles [14] for smooth surfaces represented
in tqg. (73).

79 Tsap lVy V)

0.5
.’ )
\q

rn - (13)

r
For sodium heat pipes, the radial heal flux density values reported

in the literature range from 200-400 w/cm’. Assuming the minimum

r for 500 and 1000°C are

value of 200 W/cm2 for q. . n

-4 -4
calculated as 7.899x10 m and 0.5045x10 m  respectively.
These values are much higher than or close to the wick pore sizes of
1.27x10‘4 m for 40x40 cm ! screen mesh and  {.166x10 4 m for

the triangular gqrooves on the evaporator inner wall. lor lower
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radial heat f{luxes of about 10 20 w/cm2 applicable to the present
heat pipe, rn predicted by tq. (/3) will be very large. I1 is
recommended by Marcus |14]) that this equation not be used in such
cases. Silverslein [56] has suggested thal the effective nucleation

site radius in properly wetted liquid metal heal pipes can be on the

order of 10—6 m or less. An upper limit of fo 3 to 7 x 10'6

m corresponding 1o a burnout heat flux of 287 W/cmz is recommended

by him [56]. Hence, the conservative values recommended by Chi [4],

rpc 2.5 x 10°m for gas loaded heat pipe and r - 2.54 x

10 ’ m for conventional heat pipe have becen considered. Using

these values and setting L, - 0.25 m and assuming that the pipe is

t
operating al capillary limit (PC : pcm)’ Qb is calculated from
Eq. (7?) al various temperatures and listed in 1lable 11. For

convertional mode operation, the boiling limit is very very high
whereas for gas Jloaded mode the 1limit drops sharply at and above
900°C.

{xperimental Radial Heat Flux Qata: The experimental datd

reported in the literature on the sodium heat pipe radial heat flux

density for various wick structures are summarized below [6,8].

Temperature Radial Heat Flux

wick A 2 B (L, N
1. Stainless Steel Mesh 760 230
2. Vartous Wicks 850 -950 200 400
3. Stainless Steel Mesh 9725 214
(3 layer; 390 um)
4. Stainless Steel Mesh 1175 12450
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TABLE 11, BOULING LIMIT AND CRUTICAL TEMPERAFURE DLELERENCE

Wick Boiling Limit, Qb (W)
Effective
Temperature, 1V Thermal S . A1crit
(°C) Conductivity,|Conventional Gas 1oaded (K)
keff' (W/m K) Mode Mode
500 4442 12.24x10° 98,131 560
600 41.81 2.908x10° 23.316 142
700 39.98 0./847/x10° 6,218 39.9
800 38.53 0.2959x10° 2,368 15.6
300 1636 0.1248x10° 999 6.9
1000 3421 0.5508x10° a4\ 3.21
oA - N Y - L. . .

Boiling of sodium in sodium hcat pipes is impeded as a result of
high thermal conductivily of the liquid metal. Fvaporation of the
working fluid takes place alL Lhe free surface of the wick pores.
Assuming a safe limit of 100 W/cm2 radial flux, lne radial limit
for the present heat pipe is obtained as,

Oradia] o DE LE 9 (16)

WX 2.22 x 102 % 0.25 x 100 x 10"

- 17,435 W
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However, 1this 1imit 1is too high 1o be encountered <since the
capillary limitation will restrict the flow of liguid return to the
evaporator. Radial heat {lux densily expected here is a maximum of
13 Wcm2 based on A{ - 131 cm2 and Qc? - 1797 W at 800°C.
3.5.5 lemperature Drop

Slteady state temperture differences across various segments
(pipe wall, wick, and vapor passage) of the heal pipe during normal
mode of operalion can be computed using Fourier's law for conduction

through the pipe wall or wick and Clausius Clapeyron relation for

vapor flow [1].

1. Pipe wall al evaporalor:

Ln(r /r.)
Alp - .9 1 q (17)

2w LEkP

7. Wick at evaporalor:

tn{r.,/r ) )
Alw'f_ e 1 LS (’8)
2w Lh keff
3. Vapor passaqge:
1 (P P
ATy - Vo .V,t Vol Q
e 10
| |
iy (Bt 0 6y
(or in terms ol 1y) - 6. A 6 (79)
p N J




4. Wick at condenser:

ATW,C 1 0 (80)

5. Pipe wal) at condenser:

in(r /r.)
ATp e .9 10 (81)

2w l_ckP

Maximum Al is expecled at the highestl power tlransportling
conditions which 1is 1797 W at 800°C (lable 9). The Al's are
compuied using the physical dimen<ions and the property values al

B800°C (Table 4) and the resulls are as follows.

Al 10.83 €
P,E

Al : 2.91 C
w,k

Al = 0.22 C
v

ATw,c - 0.82 C

ATD,C 2.98 C

The 1total temperature drop across the heat pipe is 1/.82 C. In
gas loaded mode, the condenser Al's will vary depending upon the
active condenser length.
3.5.6 bntrainment limitation

In  conventional screen or groove wick healt pipes, the

counter flowing liquid and vdpor dgre in direcl shear dagainst cach
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olther and this causes the vapor to entrain some liquid along with it
causing a depletion of return )iquid supply to the evdporator. The
heat  transport [limit caused by this process is called the
entrainment  Yimitation. Here, in the double wall wick structure
there is no direct shear between the liquid and vapor flows
par..cularyly in the adiabatlic section. Hence, there is no
entrainment Timitation for the DWAHP.
3.5.7 Fluid Inventory

The quantily of working fluid filled inside the heat pipe is
determined on the basis of saturating the void volume available in
the wick pore slructure. Due to the variation in the density of
liquid sodium with temperature, the wick may operate oversaturated
or undersaturoted depending upon the operating temperature. The
calculation of the initial (i1l quantity is normally based on the
oplimum operating temperature at which the liquid transport number
of sodium is the highest. 1lhis temperature is 700°C and the density
is 0.1635 g/cm3. However, overfilling is toleraled better than
undevfilling and the recommended overfilling is about ?20¥% of the

correct {illing.
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Fluid inventory,

m
total

m.,. ., = m
liquid evaporator

mliquid e

vdpor

+m
evaporad

screen + groove reservo
wicks wicks
(A) (B)
tm tm
adiabatic condenser
groove screen + g
(C) wicks
(D)
where,
A - A
(A) mevuporator ( w ' Ag n)LF P
screen + groove
wicks
B m A l.
(8) evaporator R ‘R R Py
reservoir wick
(C) m A n | p
adiabatic AN AD
groave
(0 ™ sndenser (A, est Ag MU e
screen { groove
wicks
m A L
vapor v PPy
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Substituting the physical dimensions, one obtains

(0.%9148 1. v 2.11679 1 4 0.056/04 |

Motal b R A

.591 . L.
1 0.59148 LC)pQ t (1.2668 P)Pv

(84)
for I 25 em, L - 12.5cm, .. 74.5 ¢«mand L - 91 cm,
¢ R A ¢
mtotal (14.781 v 26.454 1+ 4.224 53.8?b)pQ v 251.401 Py
; e - .
or mlotal 99 .29 Py 1 2571.4071 P, (85)

the total mass of fluid required will vary depending upon the
temperalure al which the density value is picked. In order to sec
the wvariation, a table of values dre calculated at various

temperatures of interest as shown in Jable 12.

TABIE 12, +LULID INVENTORY VARIATION WI{H TEMPERATURE

Temperature Py mP Py mv mtota]
o 3 3
(°c) (9 7em™) 1 (9) (9 /cm™) (9) (9)
97.83 0.92170 92 .04 0 0 97.04
3

500 0.8281 | 82.22 | 0.003x10 0.000/7) #2.9?
600 0.80%4 19.97 0.013x10'3 0.0033 19 .97

100 0.7635 | 75.81 | 0.050x10 3 | 0.0128 | /5.82

800 0.7513 | 15.19 | 0.13ax10 3 | 0.0340 | 15.23
900 0.4 | 14.01 | 0.306x10 > | 0.078/ | 74.09
1000 0.7750 | 12.02 | 0.667x103 | 01017 | 1219
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Since the wick is to he fully saturated with liquid sodium jus!
before freesing (9/7.83°C), the mass of liugid to be filled should be
determined at this temperature. 1If it is done <o, the overfilling
will be 21.4% more than the correct filling at 700°C.

3.6 Noncondensible Gas {.oading

One of the means of facilitating the <tarlup of a liquid metal
heat pipe from frosen state is the introduction of noncondensible
gases into the heat pipe. The amount of gas in the pipe in the
initial (cold) state must be the minimum possibie, but sufficient lo
achieve frontal heating on startup. Excessive amounts of gas would
reduce the aclive condenser length by blocking the vapor flow into
the condenser 7one. A predetermination of 1he quantity of NCG
charge is necessary in order to judge the active/inaclive condenser
lengths at a desired heat input rate or operating temperature.

A simple thermodynamic calculation s done 1o obtain the
inactive condenser length (or NCG slug length) as a funclion of
initial NCG charge pressure and the heat pipe hot zone lemperalure,
1. Assume that initially the working fluid is frozen wilhin the
pores of the wick and the vapor core of volume V] is filled with
NCG at a pressure Pi and temperature 'c' After the heal pipe is
started and allowed to attain a steady state condilion al
temperature 1, the NCG is compressed towards the condenser cnd by
the hot vapor. let the NCG volume which is still at the temperdlure

]c occupies an unknown volume V2. The pressure of the vapor,

Pv(l) and that of the NCG are the same for equilibrium condition.
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for an ideal gas the equation of state can be writlen for

states | and 2 as,

PV R
11 Il
PV R1
?2?
I] : I? . l( since the gas tlemperature remains the same.

Therefore, P V.l - PV

1 27

P P.(1
vy e !,(,__C) Vi
I P (1)

for cylindrical vapor core of uniform cross section, the volumes are

proporlional to the lengths. Hence,

lNC( : l.P pi({c) (86)
! P.(T)
v
where LNCG - NCG slug length at any temperature |

Lp = lolal lenglh of heal pipe (2 m)

Pi - lnitial NCG charge pressure at temperature lC
PV(I) Vapor pressure of sodium at temperature |
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Figure 33 illustrates this model piclorially.

e m s e - e — —_ e m—mem————m—

FROZEN STATE

o e em e - e —

SODIUM VAPOR NCG
L
STEADY STATE AT
OPERATION - |
Qin

Figure 33. Noncondensible Gas Compression Model

The results of tq. (86) are graphed d4s lengths of NCG slug versus
temperature feor a number of assumed NCG charge pressures as shown in
Figure 34. tor a typical operating lemperature of 1000 K, the
non condensible gas slug is compressed to negligible lengths of less
than 1 cm if Pi is below 1 torr. 1If IH is hetween 5 and 20 torr,
the gas siug length varies from % to ?5 cm. Above 50 lorr, the pipe
cannol operate below 1000 K. thus, this graph facilitates Lthe choice

of selecting the proper NCG charge pressure.

1722




aanjesadwa) jo uojioung e se yibua
43SUBpUO) 3AL]IIPUT 3y} U0 aunssaud abuey) (eLIful HIN 40 133443

"$€ aanbi4

wo  (1-99) HLONIT HISNIANOD IAILOVNI

0002 0¢ll 0 06lI ogel 0’ 00l 0'6L 006 0'ee 00
™ -1 Y T Y T T T 000t
. 000§
600
70} 4 0°009
%
2
5 0°'004
2 :
S ;
Ol 20008
Gl
o)
10006

0S
00!
0 000!
(a01)!d
100011
Ho'002!

A "HNIVHIdNIL

1724




From the point of view of sodium mass depletion (at lhe
evaporator during startup) and the length of indctive condenser
tolerable, it is recommended to use Pi 0.2 lorr as the initial NCG
charge pressure.

3.7 Design Summary
A summary of the pertinent design and performance numbers are

listed in lable 13.
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TABLE 13,0 GAS LOADED LIQUID MEIAL OWAHP (SINGIE ARITERY)
DESIGN DEIATT SUMMARY

MATERIAI

Quter tube, inner lube, end caps Stainless steel 304

Screen wick

Fil)l vdalve

Working | luid

Noncondensible gas

OVERALL DETALIS

femperatlure range (operating)

Inttial temperalure

Heal transport capacily
(circulation limited)

Sonic limitation

tffective lenqth

total lenyglh

{ vaporator/Adiabat ic/Condenser
Overall diameter

Vdapor core diameter

Stainless ~tecl 304
wire mesh

Stainless steel
bellows valve by
NUPRO with stellite
1ip stiem

Sodium

Argon

400 84%0°C
Room temperature (25°C)
1800 W at 800°C

Not applicable in gas
loaded mode (conlrols
transport upto 560°C
in vacuum mode, refer
ligure 37)

.388 m

03 m
2375 m/0.715 m/0.91 m

22 x10 7 m

1.27x 107 m

NSO N -~




TABLE 13. GAS LOADED [ IQUID MLIAL DWAHP (SINGIT ARTERY)
DESIGN Dt TALL SUMMARY (continued)

WICK
Type Double walled construct
ion with screen and
groove wick for
evaporator and
condenser while
adiabatic is screen
less
Screen size (evaporator and 40 x 40 cm" mesh
and condenser)
Number of spiral wraps 4
fvaporator reservoir wick A0 x 40 m ! SS 304
screen plug 1.49 «m
dia. and 7.5 cm.
long with porosily
15.25%.
Capiliary insert 24x24 cm 1 mesh;
0.24x0.24x1.21 cm
Artery grooves: Evaporalor Transport Condenser
Number 24 ] 24
Width, mm 0.79 2.8 0.79
Depth, mm 1.40 2.38 1.40
Vapor Vents:
Number per groove 10 (cut on none 36 (cul on
alternate grooves) all grooves;
staggered)
Size, mm 6.3 x 0.79 12.7 x 0./9
Axial spacing, mm 1.5 - 121
176




TABIE 13.  GAS 10ADED 1 1QUID METAL DWAHP (SINGLE ARTERY)
DFSTGN DETATL SUMMARY (concluded)

HEAT TRANSPORE L IMIT  (Horizontal mode of operation)

Availahle capillary pumping head at 800°C
| iquid pressure drop in wicks al 800°¢

Vapor pressure drop in vapor core of 800°C
Maximum capillary transporl 1imit at 800°C

FLUID INVENTORY (Analytical grade sodium)
Optimum fill for operation at 1000 K
(67.52 g in screen
& grooves; 24.52 g

in reservoir wick)

NONCONDENSIBI F GAS Argon pressure

121

17196 .6 N/m2 ar Pa
0.9088 Pa per W
0.0911 Pa per W
1797 W

92.04 g

0.05-2.0 lorr
at 25°C




CHAPILR 1V
FXPERIMENTAL WORK

4.1 ‘Fabrication of Parts

The experimental heat pipe assembly consists of an ouler Llube,
an inner tube, two screen 1lubes, a reservoir screcn plug, two end
caps, a capillary insert plug, and a process valve with a fill tube
as shown in Fiqure 35. The tube and bar stocks used in fabricating
the parts are certified stainless steel material (1304 Alloy)
supplied by Kilsby Roberts Company. Ihe ouler and inner tubes are
cut in straight and conlinuous lengths and machined to form the
assembly. The inner tube contains 24 equally spaced longitudinal
small rectangular grooves each on the evaporator and condenser
sections with a single large artery groove on ihe center section
(adiabatic) connecting them, lhese grooves are machined wusing
precision saw cutters on a horizontal milling machine. The
rectangular vent slots (as shown in Fiqure 30) are cul by
electro discharge machining. 1lhe screen lubes and reservoir screen
wick are formed of stainless steel 301 wire mesh by carefully
trimming along the edges and rolling on the mandrel. A bellows type
high temperature valve with 649°C at 1/00 kPa raling supplied by
NUPRO Company is used to process the working fluid and inerl gas.
the end caps, fill tube and valve are tungsien inert gdas (11G)

welded in a dry-box, circulated with argon. The evapordlor seclion
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of the outer tube contains fine circumferential threads on the inner
wall to a Tlength of 37.5 cm. The inner tube wall material is
machined out selectively to reduce the thermal mass. The tolerances
on the various parts are such that there will not be any gap between
mating parts after assembly. A closeup view of some of the parts
are shown in Figqure 36.

4.2 Cleaning of Parts, Assembly and Welding

1t is very essential to clean all the parts of the heat pipe
before assembling. Machined parts and tubes have contaminations
such as o011, grease and scales. Those are rough-cleaned initially
with vapor degreasing by trichloroethylene and followed by metal
wire brush scrubbing and thorough cleaning using the procedure given
below.

(a) Immerse in stainless steel deoxidizer solution (50%

dilute) for 20 minutes;

(b) Rinse in deionized water;

(c) Dry with clean air;

(d) Rinse with isopropyl alcohol and dry with air.

For screen mesh cleaning, ultrasonic agitation is used.

The assembly procedure consists of rolling the screen tubes
over the inner tube and inserting the composite wick structure thus
formed into the outer tube. The inner edges of the screen mesh are
spot welded on the inner tube al several locations in order to get a
good grip of the screen while rolling to form a tube. A number of
short sleeve tubes are slid over the screen tubes to hold them in

place. Sterile gloves are worn while handling the cleaned parts and
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the assembly 1is done in a clean room. As the inner tube composite
is inserted into the outer tube, the sleeve tubes are progressively
slid along and removed at the other end. This way, the assembly is
accomplished without damaging or displacing the screen tube. A
short pin on the condenser end cap locks into one of the 24 grooves
cut on tihe inner tube and prevents rotation of the inner tube
composite with respect to the outer tube. Also, a reference mark
corresponding to the position of the single adiabatic groove is made
on the outer tube for locating the groove orientation after the ends
are sealed.

The end caps, reservoir screen plug and fill valve are
assembled in place and the heat pipe is made ready for final seal
welding. These TIG weldings are very crucial and are done within a
dry box circulated with argon of purity <5 ppm oxygen and <0.5%
water vapor in order to avoid oxidation or contamination. A number
of practice weldings were done on samples similar to the heat pipe
end-seal welding and examined for weld penetration and grain
structure prior to the heat pipe welding. A weld penetration of
about 1.5 mm was obtained which is considered satisfactory for the
1.65 mm walled outer tube.

4.3 Vacuum Baking and Sodium lLoading

The heat pipe thus assembled and welded 1is connected to a
sodium filling rig shown in Figure 37 which also serves as a baking
and oxidizing setup. This rig consists of a graduated glass
cylinder, a vacuum pump, an argon gas cylinder and heating

tapes/heaters with a suitable valving arrangement. Initially, the
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heat pipe is pumped down 1o abhout IO'b turr for three day. and
then heat is applied gradually over the entive heat pipe, (i1l valve
and the plumbing connecting to the glass jar (or thoroughly baking
and degassing of the internal surfaces. The pipe is heated to 900°C
for 4 6 hours maintaining the vacuum at 10'7 torr or beller. Ihis
process helps to solutionize 1the welds and also oxidises the
external surface to improve the emissivily needed for the condenser
heat rejection. After cooling to room temperature and making sure
that the glass jar is leak tlight, ihe pipe is valved off and the
glass jar is removed for sodium loading.

The sodium loading to the jar is done within the dry hox by
melting and draining pure andalytical grade sodium from qlass vials,
Four vials of 50 grams each are transferred to the glass jar and
sealed. The glass jar is taken oul of the dry box and mounted on
the sodium filling riqgq. 1he entire lines in the rig including the
heat pipe are cvacuated to 1047 torr or betlter when the sodium is
in frozen condition. Now, the heat pipe is ready lo be filled with
sodium. The sodium jar, heat pipe and the lines including valves
are heated to 150°C which is ~50°C higher than the melting poini
of sodium. The heatl pipe fill valve and the vacuum isolation valve
are shul off and the line, up to the valve is primed with sodium by
opening the valve at the bottom of the sodium jar. Argon gas
pressure is necessary at tlhe top of the sodium level 1o push the
sodium into the line. Tlhe meniscus position of sodium in the jar is
noted and required volume of the Sodium liquid is made Lo flow inlo

ithe heatl pipe by slowly opening the fill valve and observing the
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drop in meniscus level. The vacuum pressure in the pipe and the
gravily head available to the sodium are sufficienl to complete the
filling process. Once the filling is successfully completed, the
fi11 valve is shut off tight and the valve handle is removed lo
prevenl accidental opening of the valve.

The filled heal pipe is removed from the sodium filling rig
and weighed to countercheck the exact quantity of sodium filled in.
The sodium sticking to the flange joints and lines is cleaned with
suitable solvent. Now, the heat pipe is ready to be instrumented
and tested.

4.4 Test Setup Description

The test setup consists of several subsystems which include
(1) the mechanical support and mounling, (2) the vacuum chamber and
the vacion pump, (3) the cooling fluid circulation and the constant
temperature coo! bath, (4) the electrical resistance heaters and the
power requlating, conltrolling and measuring circuit, (5) the
thermocouple tlemperature measuring circuit and data logging
instrumentation, (6) the radiation shields and the condenser load
requlaling shutters, and (7) the NCG filling rig. Figure 38 shows
the schematic of the tesl setup representing all these subsystems.
The heat pipe is completely contained inside the vacuum chamber in
order to thwart the exposure of sodium to the ambienl in case of a
leak at high temperature testing. Photoqraphic views of the test

setup dare shown in Fiqure 39.
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Figure 39. Photographic Views of the Experimental Setup
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4.4.1 Mechanical and Vacuum Sysiem

The heat pipe is supported at three positions spaced al
lengths of the evaporator, adiabatic and condenser end points on
brackets having ceramic -upports. The~e hrackets are supported from
two horizontal, stepped down arhors welded (o the vacuum chamber
flange. Two 20 cm diameter stainless steel tubular chambers each
122 cm long and bolled together encase the heal pipe assembly and
provide the vacuum environment. A turbo molecular pump and vacion
pumping unit pump the chamber to 10 6 lorr or betler vacuum. One
end of the chamber provides the necessary vacuum portl and electirical
and thermocouple feedilhrough porls. The olher end houses the rotlary
motion feedihrough for regulaling the shutlter opening. A few view
ports fitted with quarts windows on the side of the chamber enable
viewing the heal pipc assembly, The whole chamber assembly iy
mounted on a metal frame with a fulcrum at the center point dnd
etther end has an adjustinyg screw rod for adjusting the level of the
frame and 1the chamber. The level of the heal pipe assembly is
initially checked with that of the frame beflore assembling the
chamber. 1his way, the level maintained on the frame or chamber
represents that of the heat pipe. The inside wall of the chamber is
painted with a special diffuse black paint having an absorptance
(solar) value <f ~OrY, This treatment helps to obtain good
calorimetric data on the chamber wall. The vacuum environment is
necessary to eliminate convection heat losses and to prevent

oxidation of the heal pipe at high temperatures.
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4.4.2 Cooling System

The vacuum chamber wall is maintained al room temperature by
circulating chilled water from a constant iemperature bath through
the copper coil (6.35 mm diameter tubing) wrapped around the chamber
at 25.4 mm intervals. 1lhe coil is tightly wrapped and soldered 1o
the chamber using soft solder. A continuous duty centrifugal pump
circulates water through the coil up 10 a maximum flow rate of 5.75
liters/minute and a rotameter type f(lowmeter monitors the flow
rate. Three 1thermocouples mounted on the cooling coil at the
evaporator end of the chamber, the condenser beginning and the end
of the chamber provide temperature data for 1lhe cdlorimetry. The
chamber is insulated externally with fiberfrax insulation.

4.4.3 Electrical Heating System

There are three electrical resistance coil heaters mounted on
the heatl pipe as shown in Figure 38. T1he main heater is a 20 cm
Tong, closely coiled sheathed coil heater and is mounted directly
over lhe 25 cm evaporator screen wick. The auxiliary heater (10 cm
long and similar to the main heater) is mounted on thc reservoir
wick portion at the slarting end of the evaporator. lhe third
heater is mounted on a linear trace from the beginning of the
adiabatic section to the condenser and back. Fach heater is powered
from separate variacs and each of them has a power measuring
circuit. The main heater has a current shuni (standard 0.01 ohm
resistance) and a signal conditioner circuit to medsure the current

through the healer. 1his circuit also has a relay to cut of [ the

139




power in case of an over temperature alarm at the evaporator.
Figure 40 shows the circuit diagram.

4.4.4 Thermocouple Circuit and Data Logging

There are 28 chromel alumel (type K) high tempercture
thermocouples mounted internal to the vacuum chamber (22 on the heatl
pipe, 3 on the shields, and 3 on the chamber wall) as shown in
Figure 38. In addition, there are (wo other control thermocouples
(channels 3c and 4c) attached on the heat pipe and positioned on
either side of the evaporator main heater. These thermocouple
junctions are formed by 711G welding and the lead wires are insulated
with porcelain tubing. The junctions are positioned on the small
dents created on the heal pipe wall and spot welded by resistance
welding. After this, the junctions are covered with a thin bead of
high temperature cement (Sauereisen Cement No. 78) which is further
covered with a radiation shield. All the thermocouple lead wires
are run along the heat pipe to the nearest strip connector block
from which the extension leads are taken to the data logger through
the wvacuum glass-to-metal seal feedthroughs. Three other type K
thermocouples of the sheathed type are used to measure the cooling
fluid temperatures at the inlet, midpoint and the oullet localions.
A1l the thermocouples are connected to a multichannel programmable
data logger (Fluke Model 2280A).

4.4.5 Radiation_Shields and Shutter

Multiple layers of polished stainless sleel thin sheel metal

are used to shield the radiation losses from the heat pipe at tihe

evaporator and adiabatic sections. Four concentric layers of
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0.25 mm thick S$S304 foil separated by 6.35 mm (89 mm diameter to
i27 mm diameter) and /3.7 cm long shields in two hemicylindrical
haives cover the adiabatic section. Five Tlayers of similar
construction in full cylindrical form cover the 37.5 cm evaporator.
A radiation loss calculation based on the shield emissivity value of
0.08 and pipe operating temperature of 1000 K shows only 5% loss
through the shield, compared to the direct black body emission from
the pipe. The 91 cm long condenser section is covered with a set of
six twin layer shutter blades to form a hexagonal cage around the
condenser. The shutters are individually pivoted on either end by
their central shafts supported from ihe heat pipe support brackets.
A1l these shafts are connected to a circular disc with arc-like
slots through L shaped cranks. The disc is in turn connected lo a
rotary motion feedthrough (MFT) mounted on the chamber end flange.
The rotation of the MFT actuates the shutter blades in unison. The
blades can be positioned in fully open or fully closed or any
intermediate positions and thus the condenser radiation load can be
varied as desired.
4.4.6 NCG Filling Rig

The noncondensible gas is filled into the heat pipe tlhrough
the fill valve in-situ using the filling rig while the free end
section of the chamber is dismantled. A schematic diagram of this

system is shown in Figure 41.

142




by But||L4 seg a|qisuapuoduoN ‘Lt a4nbi4

3uios
SV9 NOSHY

(ONI11S31 3did LV3IH ONI¥NG 440 QINNVME)

3ATWA
IAWVA
SAWA N4 NOILYIOSI NNNJVA
u.:a 1V3H /Tr
13NV (2) ¥ogyY H_
NNNOVA hzoam:an// ¥308023Y
m‘y T JUNIVYIIN3L
ol

39Nv9
NNNIOVA

di/

[

dNNd
NNNDVA

ol

— -

\wwm

(2) L3%ovH8 9IN H1IM
1Y¥0ddNS 3did 1V3H 3HL AVddNS ¥3MOd
3did 1lV3H ONIMIIJd ¥O4 GIN3dO W3IVIH Ol

WIIN QINDID 13INOVE MNNOVA

143




4.5 lest Procedure

4.5.1 System Checkout and Preliminary Test

A thorough system check is done on each and every subsystiem
before the vacuum jacket is assembled. Al1 the internal parts are
checked for cleanliness and greasy spols are cleaned with alcohol.
Any outgassing material such as adhesive tape and plastic ties are
removed. The alignmeni of the heat pipe is checked with a leveling
instrument and adjusted to remain horizontal with respect lo gravity
vector. It is Jmportant to check the continuity of all the
thermocouples and the healers (in order to detect possible breakage
during assembly or harnessing the wires) and to repair if
necessary. After the chamber jackel 1is assembled, the 1turbo
molecular pumping unit is used to rough the system until the vacion
pumping unit could take over pumping. If any leakage at the vacuum
joints is found, these joints are tightened further. A vacuum level
of 10~6 torr or better is acceptable for this test. 1The cooling
fluid circulation is checked out by switching on the centrifugal
pump and circulating the coolant through the cofl around the vacuum
chamber. Any leak in the line or joints is easily detectable and
repairable. The rotameter type flowmeter is calibrated using stop
watch and measuring jar. The room temperature readings of all ihe
thermocouples are checked against a known reference thermometer.
The heater circuit current measurement using the shunt resistance of

0.01 ohm and the data logger is verified using analog meters in the

circuit.
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The 1initial configuration of the heat pipe is vacuum mode.
Initially, it 1is necessary to bake out the heat pipe and the
internal parts of the chamber by slowly warming up the pipe. About
100 W on each of the three heaters will be sufficient to raise the
temperature to ~500°C for the baking purpose. The power to
heaters may be increased or decreased as necessary to maintain the
temperature at a constant level for about 8 hours. 1In this process,
the outgassing rate of the vacuum parts is accelerated and more

importantly, the heal pipe "wets-in" with the working fluid. The

main purpose of including the trace heater is to uniformly warm up
the pipe. An added advantage of this is to redistribute sodium from
the condenser and adiabatic area to the evaporator section after an
unfavorable shutdown or cooldown of the pipe from a previous tlest.
After these 1tests, the vacuum level in the chamber should improve.
At this point, the pipe is ready for performance tests.

The objectives of the performance test, transient as well as
steady state are limited to two modes of the heat pipe internal
configuration, namely, (1) vacuum mode and (2) noncondensible gas
(NCG) filled mode. Further, the tests are limited to the level
condition (axis of the pipe is horizontal) and to the horizontal
orientation (3 o'clock position with respect 1o gravity vector) of

’ the artery groove for both of the above modes of 1internal
configuration.
4.5.2 Vacuum Mode Testing
The vacuum mode represents that the heat pipe does not contain

any NCG witnin 1its vapor core and the wick structure contains pure
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sodium in its pores. The objectives of this test are {wofold.

Firstly, the initial burn-in tlest for wetting and distribution of
the working fluid throughout the wick structure is done soon after
the heat pipe is instrumented. This is followed with the steady
state performance tests to verify the transport capacity, operaling

temperature and overall temperature difference (A1) for a given

power 1input for a number of input powers (250 W, 500 W, 1000 W,
etc.). The steady state axial temperature plots and calorimetric
input/output measurements to determine ihe losses are done. During .
these tests, the pipe's priming ability and restart capabilities
after a cooldown (frozen fluid) period are evaluated. The ahove
tests form the basis for design verification.

Secondly, the transient tests at several power inputs are
performed 1o characterize the frontal nature of startup of a sodium
heat pipe. The frontal startup behavior 1Is mapped by iemperature
versus time plots using the thermocouples attached to the heat
pipe. An important aspect of this study/test is to understand the
startup behavior of a heat pipe with long adiabatic section (the
present pipe has 74.5 cm long adiabatic section without vapor-liquid

direct contact as opposed to traditional heat pipes).

The heat pipe, after characterization in vacuum mode as
described above, is filled with a noncondensible gas (argon) to an

initial! predetermined pressure (in the range 0.0%5 2.0 Torr at room

lemperature) and sealed.




The main objective of the test in this mode is to conduct
transient startup tests from frozen state and to determine:

(a) the rise time and temperature,

(b) 1ihe startup time and temperature,

(c) the position of the hot front as a function of time,

(d) the hot zone temperature as a function of time, and

(e) active/inactive condenser lengths (after steady state)
for any given power input to the evaporator. These startups are
attempted from liquid as well as frozen state of the working fluid.
A trace heater attached on the adiabatic and condenser sections
enables the thawing of sodium when powered. The measured heat pipe
temperature versus lime data are used to determine the rate of hot
front propagation from the evaporator into its transport and
condenser sections. These experimental results are corroborated
with the results of the theoretical analysis done using the binary
vapor gas diffusion model. Adjustments to theoretically calculated
or assumed parameters (such as evaporalor and transport heat losses,
unaccounted losses through support brackets, emissivily values,

diffusivity values, etc.) and modeling errors are done as necessary.
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CHAPTER V
RESULTS AND DISCUSSION

As described in the test procedure section (Chapter 1V), the
2 m sodium heat pipe was first tested in vacuum mode and then in gas
filled mode with 1.35 Torr argon. Three sets of test results were
obtained. Test Sets 1 and 2 correspond to the gas filled mode tests
with the condenser shutter closed and partially open condition,
respectively. Test Set 3 corresponds to the vacuum mode tests. All
test sets cover steady state and transtent tests as well. The
transient tests preceded the steady state tests for every power
input level. The repeatability of results was good. The
orientation of the pipe axis was horizontal to the gravity vector,
and the artery groove was at the 3 o'clock position as shown in
Figure 42 in solid lines. Both frozen state startup and liquid
state startup tests were carried out in the gas filled mode. T1he
results follow.

5.1 Vacuum Mode Test Results

5.1.1 Steady State Test Results

The steady state test data were used lo obtain the axial
temperature profiles and calorimetric heat loss at wvarious
evaporator power input levels. These results were used to determine

the heat transport performance of the pipe.
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alorimetry: the heat input (Oi) 1o Lhe evaporator was

split three ways as the heat pipe transported energy along its

length. Etq. (87) gives the heat balance for steady conditions.

Q; = @ + 0, +0Q (87)

The quantities OE’ OA' and QO are the portions of 1the heat
lost radially from the evaporator, adiabatic and condenser zones,
respectively. Thus, 00 js the actual quantity of heat transported
by the heat pipe and this quantity has to be compared with the input

Qi while comparing with the theoretical results. Q, and QA

4
are considered as losses since these quantities are lost along the
way when the pipe is transporting. Four thermocouples mounted on
the coolant 1line at the entrance and exit locations of each of the
heat pipe zones, monitored the temperatures for calorimetric
calculations. Figure 43 shows the percentages of heal loss in each
zone as a function of the heat inpul. At low heat inputs (<600 W)
losses in the evaporator and adiabatic zones were higher than the
transported energy which was less than 50%. At high inputs
(>600 W), Qo was stable at 55-60%. The heat carried by the

coolant was calculated using Eq. (88).

-V p C AT (88)

0cal p coolant

Coolant flow rate, V - 2.3 liters/minute; specific gravity, p = 1.0;

and specific heat, Cp = 4.2 J/g K for water. Substituting in
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Figure 43. Heat Loss Distribution from Steady State Calorimetric Test Data
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= 161.07 (A1 ) watls. There  was good

Eq. (88), Q

cal coolant

agreement between Qi (power measured in the current shunl circuit)

and Ocal for all the steady state test data reported in

Figure 43. The errors were within the instrument uncertainty

limits. Appendix H shows the list of numerical data obtained in the
steady state tests.

Axial __Temperature Profile: Figure 44 shows the axial

temperature profiles for different transported power Jlevels
(129-515 W). The pipe operated near-isolhermal from end-to-end at
Q0 = 467 W and 515 W. The average temperatures of the evaporator
and condenser for Qo = 515 W were 558.1°C  and 534.6°C,
respectively, and the total AT was 23.5C. As seen from
Figure 44, at power levels below Q0 - 467 W, the hot front did nol
reach the condenser end. This indicates the presence of a trace
amount of gas in the pipe. Hence, the vacuum mode tests actually
represent near -vacuum mode. The trace amount of gas could have been
trapped within the sodium during filling and was not pumped out
subsequent to the filling of the pipe.

Transport Capacity: The transport capacity data attdined
experimentally are plotted on the theoretically predicted capillary

and sonic 1limit curves 1in Figure 45. The experimental points

correspond 1o the average hot 2zone temperature, TH and the

transported power, 00. The pipe operated along the border of the
sonic limit curve. High capacity and high temperature test data

were not available since the heater could not be operated beyond
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1000°C for fear of melt down. Induction heater or tantalum heater
could solve this problem.
5.1.2 Transient Test Results

Frozen State Startup: In the vacuum mode, the pipe was nearly

free of noncondensible gas. The pipe was started from frozen state
of the working fluid which was at room temperature. Figures 46 and
47 show the axial temperature profiles at 20, 30, 60, and 150
minutes after the applicalion of the power input for Qo = 289.6 W
and 354.4 W, respectively. Figures 48 and 49 show the {tiransient
temperature profiles at a few specified axial locations for the same
power levels mentioned above. 1t may be observed that the hot zone
was not isothermal during startup.

5.2 Noncondensible Gas Filled Mode Test Results

5.2.1 Steady State Tests

Two sets (Test Sets 1 and 2) of tests were conducted
corresponding to the NCG charge pressure of 1.35 Torr at various
input power levels up to 1337 W. The calorimetric heat loss
distribution and the heat transport capacity with the repeatability
of some tesl runs have been shown in Figqures 43 and 45 (Section
5.1.1) along with the vacuum mode test results. 7The numerical data
are listed in Appendix H.

Profile: Figure 50 shows the axial

Axial _ Temperature
temperature profiles for various transported power levels (Qo from
145 to 718 W). The adiabatic zone temperatures are isothermal at
each power level and the position of the hot front lies at different

axial locations in the condenser zone. The frontal nature of the
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temperature front is evident from this figure. The sliant of the
front is off vertical and the temperature of the cold zone is
progressively high with Qo. This signifies the dominance of axial
conduction over the diffusion mechanism at the steady state
condition where Qv = 0. 1t should be noted that the marginal rise
in cold zone temperature will cause corresponding pressure rise in
the gas slug which, in turn, will affect the position of the hot
front.

Inactive Condenser Length: 1he steady state test data are
plotted on the operating temperature versus the inactive (gas
slugged) 1length of the condenser graph as shown in Figure 51 to
compare with the theoretical values. The experimental points lie in
the vicinity of the theoretical curve corresponding to Pi = 1.0
Torr. More data points fell above the 1.0 lorr curve than those
below it. This closely agrees with the 1.35 Torr initial gas charge
pressure. The gas slug length varied from 121 ¢m to 28.3 cm for the
transporl power (Qo) variation of 32.2 W to 782.8 W (sec tables in
Appendix H). [t should be noted that this plot is not directly
dependent on the power level; instead, it is directly dependent on
the temperature. For a qiven power level if the pipe is operated at
a higher temperature, the gas slug length will be reduced. The
experiment could not be run at high temperatures (>850 K) due to
heater limitation. The experimental data uncertainty is +0.05 m
in the length determination and 14.5 K for temperature

measurements.
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Hot Front Length: The steady slate test data are also plotted

on the I wvs 00 graph as shown in Figure 52. The experimental
points lie within the band of P1 - 0.5 and 2.00 lorr curves and
the mean curve appears to fall along Pir 1.35 Torr which is the
actual charge pressure of the gas.
5.2.2 Transient Tests

Temperature Profiles: Transient tests were conducted in order
to map 1lhe startup behavior of the heat pipe. The temperature
variations along the length as a function of time were graphed for
various power levels. Figures 53 and 54 show the axial profiles at
20, 30, 60, and 150 minutes after the application of power input for
Qo = 96.6 W and 258 W, respectively. The temperature front at 20
minutes is in the adiabatic zone and the profile of the front is
relatively flatter than that in the condenser zone. At 150 minutes,
the front is completely in the condenser zone and is more slanted.
This is the expected behavior and it agrees with the hypothesis
proposed in the analysis section (Section 2.3) very well. The vapor
diffusion activity 1is strong during the transient state and the
axial conduction is dominant in the steady state. figures 55 and 56
show the transient temperature profiles at a few specified axial
locations for Qo - 96.6 W and 2?58 W, respectively. The number
shown along each of the curves vrepresents the thermocouple
location. lhe rise time (ti) for the given power level is
obtained from this plot by finding the time (after power on) at
which 1.C #4 attained a temperature c(lose to the rise temperature
) within 2 K. Also, the startup time (ts) is ob.ained in a

(1H1
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similar procedure applied to 1.C. #11 and counling the time from the
rise time. The startup temperature corresponds to Lhe temperature
1.C. #1) reached at the startup time. Ouring startup, each 1.C.
location registers a sharp rise in temperature in the adiabatic zone
and somewhat slow rise in the condenser zone due to the heat loss in
that csone. As the beginning and the end of the heating at a T.C.
location take place over a period of time, it is hard to judge the
location of the hot front precisely. This gives rise to a small
deviation in comparing the experimental data with the theory. This
deviation is explained later in connection with the i vs t plots.

The pipe started up from the frozen state for all power inpuls
up to Oi = 564 W (Qo - 306 W) when applied as a suddenly applied
load. Beyond this power level, only gradual increments of 25 W were
possible. 1In addition, the heater operating temperature limitation
(1000°C) restricted the heat input level.

Comparison of Liquid State and Frozen State Startup: The

liquid state startup is faster and smoother than the frusen state
startup. For a typical power input of Qi = 564 W, these 1wo
startups were conducled. The results are shown 1in Fiqures 57
through 60. 1t is evident from Fiqure 59 that 1.C. #3 reqgistered
very high temperature and the power had to be reduced slightly to
continue the test. However, in the liquid state startup, there is
no overshooting of temperature indicating smooth startup (Figure 60).

Hot Zone Temperature Variation: The experimental temperature
variations of the hot sone are plotted for QO : 96.6 W, 257.7 W,

and 306 W in Figures 61, 62, and 63, respectively. The experimental
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data very well match the theoretically calculated values. All the

points lie along tlhe lH = 3.0 to 2.0 Torr band of the theoretical

curves. In the time axis, t = 0 corresponds to the rise Lime,
ti' The 3000 seconds of transient test are counted after the
lapse of ti'

Hol [ront Propagation: The transient experimental data for

plotting the L vs t plot were processed from the 1wo -minute scan
group data recorded in the data loqger/computer during the test.
The raw data available in the form of degrees celcius for each
thermocouple location at two-minute time fintervals for 2 to 3 hours
of test were processed to obtain the lenqgth versus time data. The
thermocouple positions were translated into axial lengths from the
evaporator end. Table 14 lists the input data used in the computer
program. Since the hot front travels at varying velocities
depending upon the input power and inert gas charge pressure, the
heating of a particular spot alonqg the length to the startup
iemperature will take a finite amount of time. The beginning of the
healing process is marked by a sudden rise 1in temperature
(designated as point "B" in Figure 55) and the ending of the heating
is marked by more or less constant temperature (variation within
2 K) designated by point "E* {in fFiqure 55. In the present work, the
ending point "E* is taken as the reference to locate the hol front
of the diffusing front., The "B" and "t" point designation applies
to all the thermocouple positions whether the slope of the

temperature profile is steep or otherwise. However, the point "E"
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TABLE 14. THERMOCOUPLE POSITIONS MEASURLD FROM THt
END OF THE EVAPORAIOR

T.C. Position T1.C. Position
Number (cm) Number (cm)
1 0 1N 109.85
2 0.79 12 120.24
3 12.22 13 130.56
4 37.62 14 140.96
5 48.02 15 151.35
) 58.26 16 161.59
1 68.58 17 171.75
8 78.81 18 181.99
9 89.21 19 192.3
L SO SN DA

will not be applicable if a particuiar T.C. has nol reached the
startup temperature.

Figures 64 through 66 show the comparison of the experimental
results with the analytical predictions for 00 - 96.6 W, 257.7 W,
and 306 W, respectively. The agreement between the experimental and
analytical results is good. 1t may be observed that the
experimental curves lie along a mean theoretical curve between
Pi = 1.0 and 2.0 lorr. 1he small deviation in each graph is
attributed to the 1limitations of Tlength determination (+0.05 m
uncertainty) and temperature measurement (+4.5 K uncertainty).

In the t vs t plots, t - 0 corresponds lo the rise iime (ti)
and the 3000 seconds of transient iime is nol counting the rise Lime

duration.
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Rise Time, Rise Temperature, Startup [Iime, and Startup

Temperature: The experimental values for these parameters were
determined from the output dala for every transient tlest. for a
typical transient test, the rise time corresponded to ihe Llime al
which 1.C. #4 reached the peak temperature. 1lhe power “"switch on"
l1ime was considered as 1 - 0. As explained earlier, the point "t"
(Figure 55) corresponds to the rise time. 1The rise time data for
various power levels are Jlisted in 1lable 15. With increase in
power, the rise time decreased as predicted. Comparing these
results with the predicted values in Table 3, it is found that the
experimental values are almost twice that of the theoretical ones.
The reason for Lhis discrepancy is the unaccounted thermal mass (in
the form of heater coil, thermocouples, clamps, support, elc.)
attached on the evaporator length.

The rise temperature, startup time, and startup temperature
data are also determined as shown in Ffiqure 55. 1he heat pipe fis
supposed to have started successfully if the hot front has crossed
T.C. #11. These three parameters are in good agreement with the
predicted values as can be seen in Table 15. This table also lists
the results for the location of the front in 3000 seconds after lhe
rise time which match the predictions given in Table 3.

5.3 Experimental Uncertainty 0ata
The experimental data were subject to the following

uncertainty in measuremeni due to sysiematic or instrumental errors.
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TABLE 15. TRANSIEN] STARIUP TEST RESULTS
S] TEST SET 1 TEST SET1 2
No.| STARIUP PARAMLIERS | Py = 1.35 dorr | Py = 1.35 Torr
0o (W) STARTUP PARAMETLR 0o (W)
RESULTS
- Jr_ N e e e e . i e
32.2 3000
1 Ri<e lime, 96.6 2880 2640 96.6
ti (sec) 145 1920
251 1200 1200 241
306 960
32.2 -
2 | Startup Time 96.6 3000 3840 96.6
tS (sec) 145 1200
251 840 960 241
306 840
S O ) AU SRR AN SN -
32.2 6917
3 | Rise lemperature 6.6 126 726 96.6
]Hi (X) 145 132
251 132 131.5 241
306 840
_— N - e SO e A M —
32.2 -
4 | Startup lemperature] 96.6 151 151 96.6
THS (K) 145 156
251 114 761.6 241
306 753.3
e - . . e _,._{,, [ S _— - -
5 | location of 32.2 59 69
hot front in 96.6 99 -110 99 -110 86.6
3000 seconds after | 145 110-120
rise time 251 141 130-14) 241
L (cm) 306 1471 151
NOTt: 1he experimental settings for both Jest Set 1 and ? were the

same except for the following:

Test Set ): Condenser shutters closed; zircar ceramic shield
over evaporator.
lest Set 2: Condenser shutters partially open; stainless

steel radiation shield on the evaporator.
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1. Tlemperature measurement using chromel alumel thermocoupler :
0-1250°C ... 42.2°C or 10.75% of the reading whichever
is the largest.

2. Hlectrical power measurement through current shunt and
signal conditioner:

0 2000 W ... 41% maximum

3. MWater flow meter (rotometer type) calibration:
05 liters/min ... 40.25% maximum

4. Pressure measurement using thermocouple type convectron
gage calibrated in lorr of argon:

! 999 Torr ... 10.5%
0 999 mlorr ... 10.5%
A1l instrumenls were calibrated before use in the test setup. By

periodic checks, it was found that the instruments maintained their

calibration within specification.
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CHAPIER VI
CONCLUSIONS_AND RECOMMENDATIONS
6.1  Conclusions

The aspects of starting up a liquid metal heat pipe from
frozen state of the working fluid have been investigated in detail,
both analytically and experimentally. The idea of gas loading the
liquid metal heat pipe for -easy startup was recognized and
explored. A vapor-gas diffusion model was developed to predict the
transienl startup behavior rather than the axial conduction model
used in the low temperature variable conductance hcat pipe (VCHP)
theory. A computer code to predict the propagation of the startup
front much faster than the state of -the art codes in the industry
has been developed. A typical run in the CDC 3600 mainframe
computer took only 220 cpu seconds. Experimental results
corroborate very well with the predicted results.

The project was carried out 1in three phases. In the first
phase, called the preliminary design and analysis phase, a rough
design of the 2 m stainless steel sodium heat pipe was worked out.
This was followed by a lumped thermal capacity calculation based on
steady state energy balance to size the length and thermal capacity
parameters. The need for a 12.5 cm long reservoir wick in the
evaporator to meet the fluid supply during the startup was

determined. The two dimensional quasi steady state binary vapor -gas

18%




diffusion model determined the predominantly diffusion controlled
energy tlransport mechanism of 1he vapor at 1the diflusion front.
Axial wall conduction was negiected. The key point in this model
was Lthat the hot vapor front did not move until the vapor pressure
became equal to the initial charge pressure of the inert gas filled
in the pipe. The one dimensional transient therma)l model coupled
the diffusion and the thermal problems because of the diffusive heat
transfer coupling between the hot and cold zones. A computer code
called SODART was written to soive the first order, nonlinear,
ordinary differential equations with a set of known initial and
boundary conditions. The code determined the Lime rate of change of
hot front 1lengths and t{emperature of 1the hot front. 1lhe mass
depletion of sodium from the evaporator by evaporation during
startup was also computed 1in the code in order to limit the
evaporator heal input from causing a dryout.

In phase 1wo, called the detailed design and tabrication
phase, a scaled down single channel artery double walled heat pipe
with 2.22 c¢cm outer diameter (1.27 cm vapor core) and 74.5 cm long
adiabatic section was designed and fabricated. The pipe was capable
of transporting 1800 W at 1000 K and capillary T1limited at high
temperature and sonic limited at Jlow temperature. The pipe was
filled with 93.4 gqrams of sodium and 1.35 Tlorr argon at room
temperature. The pipe was instrumented and tested in a vacuum

chamber for easy calorimelry and safety.
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In the final phase of the study, the heat pipe was tested in

vacuum and gas filled modes and the results were compared with the
analytical/computational results.

In summary, the following major conclusions were reached from
this study:
(1) Noncondensible gas loading of the Iliquid metal heat pipe
helped the pipe to start easily even from frozen state. targe power
inputs (>600 W), if suddenly applied, caused evaporator dryout.
The gas charge pressure could be predetermined to minimize the
inactive condenser lengtlh.
(2) The long adiabatic artery without a fine capillary surface did
not pose any priming problem in the presence of noncondensible gas.
(3) In gas loaded mode, the heal front propagation during startup
was found to be solely diffusion controlled, while in the steady
state, axial conduction determined the temperature profile of the
front. The axial conduction rate accounted for approximately 15 W
which was only 2-10% of the condenser radiated power.
(4) lhe variable conductance feature would be an added benefil of
the startup solution.
(5) lhe theoretical predictions of the rise time, rise
temperatlure, startup time, startup temperature, heat front versus
time plot, and hot zone temperature versus Llime plot and the
experimental verification were in good agreement.
(6) The computational time required for the transient predictions

was small.

187/




“

(1) fhe unheated evaporator lengths and the reservoir wick kept

the evaporator end relatively cooler than the cvaponrator exit.

(8) The temperature of the hot sone remained more isothermal in
the gas loaded mode than in the vacuum mode. As expecled, the
startup from 1ihe liquid state of Llhe working fluid was <moolher
compared to that from the frozen state.

(9) The steady state transport performance data followed very
closely with the predicted sonic limit curve.

(10) A complelely gas free mode (perfect vacuum mode) of the
present heat pipe could not be achieved due to experimental setup
limitations. Hence, the difficulty of frozen state startup in the
vacuum mode was not demonstrated to contrast the easy gas loaded
mode startup. The nicrome resistance heating was another drawback
which restricted the heater temperature to less than 1000°C.

6.2 Recommendation

(1) The heater temperature limitation could be overcome by using
tantalum or induction heating.

(2) The radiation shield at the adiabatic section must also be a
ceramic (zircar) type for better insulation.

(3) A gas venting arrangement similar to the one used for the gas
filling rig may be needed in order to vent the pipe in hot condition
without losing the working fluid.

(4) The thermocouples on the pipe miay have to be placed at closer
intervals to determine the exact lengths of the diffusion zone

during startup.
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{5) lhe thermal capacities of the healer coil, thermocouples, and
support/mounting brackets should be taken 1into account in the
analytical calculations. Also, the heat losses in the traﬁsport

section should be accounted in theory.

(6) In order to avoid lengthy iterative calculation procedure of

the design section, an integrated computational approach to couple
. o the hydrodynamics of tihe heat pipe into the transient analysis may

be adopted.

(7) The possible follow-on tests and study should include aspects

such as pulse or programmed heat loads, artery orientation, pipe

111t angle, NCG pressure variation, variable radiance, shut down

tests, condenser load variation, etc.
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APPENDIX A
MASS DIFFUSIVIIY CALCULATION FOR SODIUM-ARGON MIXIURE

The mass diffusivity D for binary mixtures of nonpolar

AB
gases* is predictable within about 5% by kinetic theory [51].

For gases A and B at low density, the Chapman-Enskog relation is

given as
CDpg = 2.2646 x 1070 TOM /M) (A.1)
2
°as 0, A8
where
3

C - molar density of the mixture, g-moles/cm

DAB = mass diffusivity of the system A 8, cmz/sec

1 = temperature of the system, K

MA’ MB = molecular weight of A and B respectively, g/mole

9B = collision diameter, Angstrom units

QD AB - collision integral, dimensionless function of

temperature

tNonpolar gases at low density have rigid, nonattracting,
spherical molecules with no charge. Example: Ar, Na, Li, K. Polar
gases, on the other hand, have positively and negatively charged
ends and have highly elongated molecules. Example: Ho0, NHj,
CH30H, NOC1.

195




1f ideal gas law i. 4pplied to this binary guas system,

c = P/RI where P - pressure in atm. and R is the gas constant

82.05 cmj atm./qg mole K, then Fq. (A.1) hecome-

3
IAF]/MA ' I/MB)

2
a8 %p,AB

D,, — 0.0018583

AB (A.2)

P

In order to determine LDAB from tq. (A.1) or (A.?2) as a

function of temperature, %8 and QD.AB are to be found out

first.

QD AB is a dimensionless function of t1he temperature and

of the intermolecular potential field for one molecule of A and one

of B. Tabulated values of QD AB are available as a function of
xT/cAB, where « is the Boltzmann's constant - 1.380 x
-2
10 3 Joules/K and €AB is one of the Lennard Jones parameters
(the other 1is OAB)'
The Lennard -Jones (L-J) parameters « and ¢ could

AB AB
be estimated fairly satisfactorily for nonpolar, nonreacling

molecular pairs by combining the | -J parameters of species A and B

empirically using the following relationships:

o, = 1/2 (oA t o) (A.3)

AB B

CAB < g (A.4)
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The o and ¢, the collision diameter and the characteristic
encrgy of interaction between the molecules respectively are in turn

¢stimated from the properties of the particular fluid (gas) at the

critical point.
c/x 0.71 TC (A.5)

3

€ : 2.44 (TC/PC)]/ (A.6)

For sodium:
] e 5 2
]c - 2500 K; Pc 370 x 107 N/m
365.16 atm.
= 0./
cNa 0.11 l( X
23
0.71 x 2500 x 1.38 x 10
2656.5 x 10'23 J
1/3
and ong 740 (1.7P0)

2.41 (?500/365.!0)]/3
4.6331 R
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For argon:

| 150 K; P - 48 atm.
C C

a - 3.418 R; /K 124 K

(Note: Data taken from Table B 1 of Reference 51.])

- = 124
rAr 24 x «

_?'
= 124 x 1.38 x 10 ?

17112 x 10'?3 J

and o - 3.418 R
Ar

Now for the binary mixture of sodium and arqon

AB ~ “Na.Ar  ‘Na “Ar
23 23 17
(2656.5 x 10 "~ x 17112 x 10 ") /2

€

618.275 x 10 Y

1/2 (dNa + OAF)

‘A “Na.Ar
1/2 (4.6331 + 3.418)

= 4.0756 R

Table B-2 of the Reference [5V) listy g for wvarious

zU,Nd.l\r
values of ("]/LNa.Ar) which has a range of 0.3 to 100.
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Now, 1in the present work, the operating temperatlure range is

300 K to 1200 K. ana Ar for the sodium-arqon mixture is

calculated for this temperature rdnge interpolaling Lthe values given
in lable B 2 of the Reference [51}. 1lable A.1 gives the data thus
caijculated using tq. (A.1) and used in the numerical computation of

the startup analysis.

TABLE A.1.  MASS DLEEUSIVLIY VALUES FOR SODTUM ARGON GAS MIXTUKE

xl
1 T e = QD,Na.Ar CUNa.Ar
eNa.Ar
(K) (N.D) (N.D) (g -motes/cm sec)
oo Ao ey R RTINS el Beed

300 | 0.6140 1,861 3.4035 x 10°°
400 0.8187 1.592 4.594) x 1078
500 | 1.0234 1.424 5.7424 x 10°°
600 | 1.2281 1.109 6.843) x 100
700 1.4328 1.221 7.9241 x 10°®
800 | 1.6374 LY 8.9398 x 10 °
900 | 1.8421 1.107 9.9104 x 10°°
1000 | 2.0468 .06/ |10.8381 x 10 °
1100 | 2.751% 1.033 1. 1w2x10°
1200 | 2.452 | 1.005  |12.6049 x 10°®
units: ¢ = 4 moles
cm3

?

D :m

sec
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APPENDIX H
LISTING OF THE FORTRAN PROGRAM SODART, SUBROUTINES

AND SAMPLE DAIA INPUI
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G aOOa

RS R ]

e T TR TS BN

R} e

OOO0O0000000000 0"

O

PROGRAM 5ODART  TAPES,TAPE3,TAPET7, TAPEZLl,TAPEZ, TAPE4, INPUT, OUTPUT)

THIS PROGRAM NUMBRICALLY ESTIMATES THE PATE AT WHICH
ENERGY TPANSPORT OF VAPOR OCCURS BETWEEN THE HOT AND
ZOLD ZONES OF THE PIPE. THE VAPOR TRANSPORT IS
CALCULATED "SING A SIMPLE MODEL OF THE T"TARTUP ~r

A RADIATION - COOLED HEAT PIPE.

THIS VERSION WAS CREATED ON FEBRUARY 11388
IT CTALCULATES PV USING A NEW CURVE FIT EQN.
SODIUM MASS DEPLETION DURING STARTUP IS

COMPUTED IN THIS VERSION AS DELM

3ODAR2 s THE CORRECTED YERSION OF
SODAR1 WITH NEWER EQUATIONS

«**16 FEB 1988+ne THIS VERSION STORES
Q2UTPUT DATA IN TAPES rOR PLOTTING ON TEXTRONICS
MACHINE WAITH PLOTTER HARD COPIER

**%]1 SMARCH1988%** SODARTS I3 THE VERSION OF
SODART WITH SHORT TIME STEP AND PRINT INTERVAL

*~**w]1BMARCH1988****30DARTC REVISED VERSION OF
SODARTS TO INCLUDE CD AT AVERAGE TEMP.
OF HOT AND COLD ZONES.

REFERENCE:

REAL L,LE,LP,MV,LI
DIMENSION PV (10),HFG(10),CD(10),TMP (10)
COMMON / PON1 / RW, D, LE, LP, PAI, QNORM

COMMON / PON2 / C, MV, TC,TS

COMMON / PON3 / GAMMA, EPSILON, SIGMA

COMMON / PON4 / BETALl, AR, AO, PI

COMMON / PONS / NSET, TMP{10),HFG(10),CD({10),PV(10)
COMMON / PON6 / QHEAT(10), QTIME(10)

COMMON / PON7 / LI,LC,CE,CI,CC,EPSH,FHC,THETAS4,S1,S2
REWIND 1

REWIND 2

REWIND 4

REWIND 3

REWIND 7
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CALL INPSUB ( ¢, TFINAL

O

O o0

BETAl = ..4048255577
ITRACK = 1

T3TEP
PAI
TIME
ICOUNT
TC
IRESET
NUMB
DELM =

!

©Cr O w0 &
o
o

.001
.0 * ATAN ( 1.0 )
.0

(=2 B |

D0

NORMALIZE VARIABLES

an

DO 20 J = 1, NSET
20 TMP (J) = TMP (J) / TC
PVBAR = PI * LP / ( LP - LE )
AAA = PAT  * SIGMA * ( TC ** 1 ) / CE
AO = D* EPSILON * AAA
AR = 2.0 * RW * FTHC * EPSH * AAA
L = LE

CALL STARTMP ( PVBAR, THETA )

ITOTAL = ITHEAT + 1
TO~THETA*TC
RLLE = LE * RW
TIMSU=CE*RLLE* (TO-TC) /Q
WRITE ( 3, 100 ) PVBAR, TO
100 FORMAT ( //10X, * INITIAL VALUE OF PV = #,F15.5,+ BAR®,/
+ 10X, * RISE TEMPERATURE= *,F15.5,% K +)
WRITE(3,30) TIMSU
10 FORMAT (10X, *RISE TIME BEFORE STARTUP =+*,F15.5,
+* SECONDS *,///)
Q =~ Q / QNORM
QTIME (ITOTAL) = TFINAL
MRITE (3,444)
444 FORMAT (/3X,*TIME®, 6X, *HEAT FRONT®, SX, *TEMP .
+6X, *G*, 10X, “MASS*, 9X, *QV*, 12X, *QO*, 12X, *QR*, /)
DO 600 IT = 1, ITOTAL
TFINAL = QTIME (IT)
v c Q ~ QHEAT(IT) / QNORM
150 CONTINUE
If ( IRESET .EQ. 1000 ) TSTEP = TSTEP * 10.0
CALL ROUNGE ( THETA, L, TSTEP, TIME, Q,NUMB)
IRESET = IRESET + |
IFf ( TIME . GE . TFINAL } GO TO 500
CALL CALC ( L, THETA, G,QV,HFGBAR, QR, QO, NUMB)

o} DE-NORMALIZE
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QAV = 2V * JNORM
DELM = DELM + ( QV/HFGBAR | * TSTEP
QR = QR * [NORM
20 = QO * ONORM
REALL = L * RW
ADIL = (LEZ + LI) * RW
TEMPR = THETA * TC

IFr ( ICOUNT .LT. 500 )} 50 TO 165
IFr ( REALL .5T. ADIL ; DELM = 0.0

WRITE ( 3, 300 ) TIME, REALL, TEMPR, J,DELM,QV, 0O,
“20 FORMAT (8(rl10.4,3x))

WRITE ( 1,888 ) TIME , REALL
WRITE (2,888 ) TIME , TEMPR
WRITE ( 4,888 ) TIME , [V

WRITE (7 ,388 ) TIME , 20
AB88 FORMAT (55X, J2F15.4)
({62 CONTINUE
ICOUNT = 0
165 ICOUNT = ICOUNT + 1
GO TO 150
500 CONTINUE
Ir (IT.EQ.ITOTAL) GO TO 600
Q = QHEAT(IT) / QNORM
IRESET = 0
TSTEP =~ TSTEP / 10.0
600 CONTINUE
WRITE(1,889)
WRITE(2,889)
WRITE (4,889)
WRITE(7,889)
989 FORMAT (SX,*/*,//)

STOP
END
c
o
SUBROUTINE INPSUB ( Q, TFINAL )
C
REAL LE,LP,MV, LI, LC
(o4
COMMON / PON1 / RW, D, LE, LP, PAXI, QNORM
COMMON / PON2 / C,MV,TC,TS
COMMON / PON3 / GAMMA, EPSILON, SIGMA
COMMON / PON4 / BETALl, AR, AO, PI
COMMON / PONS / NSET, TMP(10), HFG(10), CD(10),PV(10)
COMMON / PONG6 / QHEAT (10), QTIME(10)
COMMON / PON?7 / LI,LC,CE,CI,CC,EPSH,FHC, THETAS4,51,52
c
bOo 10 [ = 1,10
QHEAT (I) = 0.0
QTIME(I) = 0.0
PV (1) - 0.0
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GO0

O

aaO0a0n O

aaon

C

L

114
118

CONTINUE

READ (5, *}t HSET

READ (S, *) (TMP(I),I=1,NSET)
READ (5,*) (HFGI(I),I=l1,NSET)
READ (5,*) (CD (I},Iwl,NSET)

READ (5,*) RW

READ (5,*) D

READ (5,*) LE,LI,LC,CE,CI,CC
READ (5,*) LP

READ (5, *) MV

READ (5,*) EPSILON,EPSH

READ (5,*) SIGMA, FHC, TC, TS

READ (5, *) PI,Q
READ (5, *) ITHEAT

IF¥ ( ITHEAT .EQ. 2 ) GO TO 118
DO 114 J = 1,ITHEAT

READ (5,*) QHEAT (J), QTIME (J)
CONTINUE

CONTINUE

READ (5, *) TFINAL
CALL WRITEUP ( PI, Q, TFINAL )

LE = LE / RW

LP = LP / RW

LI = LI / RW

THETAS = T3 / TC
QNORM = TC * CE * \/NW
THETAS4 = THETAS *+* 4
31 = CcI / CE

82 = CcC / ce

RETURN
END

SUBROUTINE RUNGE ( TOLD, LOLD, DT, T, Q,NUMB)
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[n]

(B}

[e s N v INe]

(g}

120

REAL L, 10D
CIMENSION Y (2)

7(1l) = TOLD
7(2) = LOLD
YINC = 2.5 =
20 100 1 =~
30 TO (10,

THETA =
L = LOLD
ZALL DERV
GO TO 100

TOLD

I,

THETA =

L =

T(1) +
£(2) +
ZALL DERV ( I,
50 TO 100

THETA = 71{1) +
L = Y(2) ¢

CALL DERV ( I,

CONTINUE

DO 120 I =~ 1,
SUM = Y (I)

DO 110 U = 1},
FACTOR =~ DT /
IP ( J.EQ.2

Y(I) = SUM
CONTINUE
TOLD =~ Y (1)
LOLD = Y (2)
T = T + DT
RETURN

END

SUBROUTINE CALC ¢

, iIDRV

.OR.,
SUM = SUM +YDRV

4,2}

L, THETAR, (DRV, Q,NUMB)

TINC *
YINC *
L, THETA,

YDRV (I-1,1)
YORV (I-1,2)
YDRV, 2,NUMB)

pT *
DT *
L,

YDRV
YDRV
THETA,

(I~-1,1)
(I-1,2)
TDRV, Q,NUMB)

2

4

6.0

J.EQ.3 ) FACTOR = DT / 3.0
(J,I) * FACTOR

LENG, TEMP, G,QV,HFGBAR, QR,Q0, NUMB)

REAL LENG,LP,LE,LI,MV,LC

COMMON /
COMMON /
COMMON /
COMMON /

PONT
PON1
PON4
PON2

TCN = TC/TC
TAVG = ( TEMP
CALL INTPOLT (
CALL PVCALC |

/ LI,LC,CE,CI,CC,EPSH,FHC, THETASS,S1,S2
/ RW, D, LE, LP, PAI, QNORM

/ BETAl, AR, AO, PI

/ C,MV,TC,TS

+ TCN
TEMP |,
TZMP,

y/2.0
TAVG,
PVBAR )

HFGBAR, CDBAR, NUMB)

206




O

Ooonon

(g}

999
111

20

3o

PVBAR = PVBAR * 1.0E-05

EXTRAL = LP -~ LENG - ( LP * Pl ) / PVBAR

EXTRAZ2 = 1.339 + BETAl * EXTRAL

G = 0.0

IF ( ABS(EXTRAZ) .LT. 20 ) G = EXP (EXTRA2)

AV = PAI * MV * CDBAR * HFGBAR / (TC * CE )

QV = AV * G

QR = AR * (TEMP * * 4 ~ 1.0 ) * LENG

QO = AO * ( LENG - LI =~ LE ) * (( TEMP**4)-THETASY)
IF ( LENG .LE. (LE+4LI)) QO = 0.0

RETURN

WRITE ( 3,111 )

FORMAT ( // * 4480800888 VALUE OF LOG ( PV ) IS LARGE #448¢ +,/)
STOP

END

SUBROUTINE DERV ( I, LENG, TEMP, YD, Q,NUMB)

REAL LENG,LE,LI,LELI
COMMON / PON1 / RW,D,LE,LP,PAI, QNORM
COMMON / PON? / LI,LC,CE,CI,CC,EZPSN,FrHC, THETAS4,S51,82

DIMENSION YD (4,2)

CALL CALC ( LENG, TEMP, G,QV,HFGBAR ,QR,QO,NUMB )
DENM1 = LE + 31 *(LENG - LE)
DENMZ = LE+S1*LI+S2*(LENG-LE-LI)
LELI = LE + LI

Q0Q = Q - QV - QR

IF¥ ( LENG.GT.LELI ) GO TO 20

YD (I,1) = QQQ / DENM1
YD(I,2) = QV/(S1*(TEMP-1.0))
GO TO 30

YD (I,1) = (QQQ-QO0)/DENM2
YD(I,2) = QV/(S2*(TEMP-1.0))
CONTINUE
RETURN
END

SUBROUTINE INTPOLT ( A,B, C, D, NUMB)

COMMON / PONS / NSET, TMP(10), HFG(10), CD(10),PV(10)

If (A .LE. TMP(1) ) GO TO 100
If ( A .GT. TMP(NSET) ) GO TO 300
I = NUMB
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(2]

100

300

111 FORMAT

111 FORMAT ( ////5X,* -=-=---

112

117

+
+
+

+
+

PO

CONTINUE

TBEGIN = TMP (I)

IF ¢« I .EC. NSET ) 30 TN 300

TEND = TMP (I+1)

I¥ ( A .LE. TEND |

I = I+1

NUMB = I

GO TO S

TDIFF = TEND - TBEGIN

SLOPY = ( A - TBEGIN ' / TDIFF

SLOPE2 = ( B - TBEGIN ) / TDIFF

C = HFG(I}) + (HFG(I+1l) - HFG(I)) * SLOPE

D = CD(I) + (CDI(I+1l) - <D(I)) *SLOPE2

RETURN

CONTINUE

A = TMP (1)

C = HFG (1)

D = CD(1)

RETURN

CONTINUE

WRITE ( 3,111 ) A

(//73X,* 49094884848 ERROR 4480808800484 +,
/3X,* & TEMPERATURE IS OUT OFr ¢, /
3X,* 4 RANGE OF THE TABLE ¢ *,/
X, 0000000000000 00000000008 +, /)

GO TO 10

STOP
END

SUBROUTINE WRITEUP ( PI, Q, TFINAL )
COMMON / PON1 / RW, D, LE, LP, PAI, QNORM
COMMON / PON3 ,/ GAMMA, EPSILON, SIGMA
COMMON /PONZ /C,MV,TC,TS

COMMON / PONS / NSET, TMP(10), HFG(10),
COMMON / PON6 / QHEAT(10), QTIME(10)
COMMON / PON7 /LI,LC,CE,CI,CC,EPSH,FHC,THETASY,S1,S2

Cp(10),PV(10)

WRITEZ (3,111)
STARTUP ANALYSIS
FOR A HIGH - TEMPERATURE ----- », /5%,

r omm—— GAS - LOADED HEAT PIPE

A4 - -

WRITE
FORMAT

(3,112)

(/1/75%,* INPUT DATA LIST I

WRITE (3,777 ) RW,D,LE,LI,LP,CE,CI,CC,MV,SIGMA

FORMAT (/3X,* INSIDE RADIUS OF WICK « » rls
/3X,* PIPE OUTSIDE DIAMETER - *,r
/3X,* LENGTH OF EVAPORATOR - ", r
/3X, LENGTH OF INSULATED SECTION -
/3X, LENGTH OF HEAT PIPE - ", r

/73X,

* % »
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HEAT CAPACITY PER UNIT EVAP, LENGTH=*, F15.5,*

5, M -,
15.5,* M »,
15.5,* M *,
*,F15.5,» M *,
15.5,* M *,

J/M=-K*,

]
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O

V)

)

e

Q

222 FORMAT(/3X,*TEMP. KX = 10F12.4/3X,*PV BAR -

+ /3K, * HEAT CAPACITY PER UNIT ADIA LENGTH =+, F15.5,* J/M~-K*,
. . 3X,* HEAT 7“APACITY PER UNIT COND LENGTH ==, Fl15.5,* J/M-K*,
- /3X,* MOLECULAR WEIGHT OF VAPOR = *~,r1S$.5,

. /3X,* STEFAN-BOLZMANN CONSTANT » =~ ,E15.5,* W/SQ CM=-K~4*,,

DO 220 I=1,NSET

TEMP = TMP(I)/ TC

CALL PVCALC (TEMP , PVBAR )
PVBAR = PVBAR * 1.0E-05

PV (1) = PVBAR

20 CONTINUE

WRITE (3,222) TMP,PV,HFG,CD
+10E12.4/3X,*HFG J/G = *,10F12.4/1X,*CD G=-M/CM~S=n,
+10E12.4//7)

ARITE (3,333) P1,Q,EPSILON,EPSH,FHC,TC, TS, ITHEAT, TFINAL
333 FORMAT (3X,* INITIAL NCG CHARGE PRESSURE = « F15.5,*" BAR *
J3IX, HEAT INPUT TO EVAPORATOR - F15.5,* w *,
/3X,* EMISSIVITY OF CONDENSER WALL = *,ris.5,

L

+ /3IX,*EMISSIVITY OF HOT ZONE INNER WALL =+,r15.5,
+ /3X,* SHAPE FACTOR OF HOT TO COLD ZONE =*,Fl15.5,
+ /3X,* AMBIENT TEMPERATURE =t r15.5,* x *,
+ /3X, * COLD SHROUD TEMP. AT COND.ZONE w»* ri§.5,* K =,
+ /3X, * NUMBER OF HEAT INCREMENT STEPS =+, ri1s.$5,
+ /3X,* SOLUTION END TIME - *,F18.5,* SECONDS*,///)
WRITE (3, 443)
443 TFORMAT (//10X, * OUTPUT DATA : *, /)
RETURN
END
SUBROUTINE PVCALC (TIN,PVOUT )
COMMON / PON2 /C,MV,TC,TS
TIN « TIN*TC
T3Q =TIN ** 0.5
T™ = 5567.0/TIN
COEFr = 2.29E+11
TD = COEFr/(10.0**TD)
PVOUT = TD/TSQ
TIN = TIN/TC
RETURN
END
SUBROUTINE STARTMP ( PVBAR, THETA )
COMMON / PON2 / C, MV, TC,TS
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TINC - n._z
ZRRLMT = 0.001
TOLD = 5./3.
ITER = O

10 CONTINUE
CALL PVCALC ( TOLD, PVOLD
PYOLD = PVOLD * 1.0E-05
I¥ ( PVOLD .GT. PVBAR ) GO TO 20
ITER ~ ITER + 1
TOLD =~ TOLD + TINC
GO TO 10

20 ERR = {( PVBAR- PVOLD ) / PVBAR
ERR = ABS ( ERR )
I¥ ( ERR .LE. ERRLMT ) GO TO 30
ITER =ITER + 1
TOLD = TOLD -TINC
TINC = TINC / 10.0
I (ITER .GE. 100) GO TO 222
GO TO 10

30 TRETA = TOLD
RETURN

222 WRITE 333
333 FORMAT (/2X,* INITIAL TEMPERATURE DID NOT CONVERGE *)

STOP ’
END

INPUT DATA

10
300,400,500, 600,700,800,900,1000,1100,1200
4600.4550,4474.4401,4322.4234,4139.,4040,3949.3847

3.4035E-06,4.5941E-6,5.7424B-6.6.84318-6,7.9241E-6,8.9398R-6.9.9104E-6.
10.8381E-6,11.7412E-6,12.6049E-6,

.00635, .022225..375..745..910,911.717.598.934,086.340,2.03,23,.66,.1
5.6696B-8,.01159,300,.300.66.661E-5,250,0, 3000 )
END OF PILE
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APPENDIX C

SEHECTED PROPERIY DAIA FOR SODIUM

. Atomic number 1
Atomic weight 23
) Specific heal ratio 1.67
Melting poinl 3710.83 K
Boiling point 1152.2 K
Critical temperature 2500 K
Critical pressure 3710 x IO5 N/m2
Density:
Solid at 294 K 0.9684 g/cm3
Solid at 370.83 X 0.9514 g/cm3
Liquid at 3/0.83 K 0.0270 g/cm’
Liquid at 1150 K 0.740 g/cm’

Ditchburn and Gilmour relation for vdapur pressiuic (51]:
-5556/1

1 -0.
Py ?2.79 x IOI (1 0 5)(IO )

where P, is in N/m2 and 1 in degrees Kelvin.
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temperature

(K)

300
400
500
600
100
800
900
1000
1100

1200

Py

(N/m)

0

0

0

L4670
. 1385
L1527
.4925%
.9648
.84903
.4979
1963
.6001

S

Heal capacity (Cp) at 97.83°C:

(Nearly constant in the range 25-

Prandtl Number (liquid):

Maximum liquid transport:
factor (pg_)\o‘/ug_)
or merit number

h f q

(J79)
x 10 8 4600
x 103 4550
x 10! 44714
x 10/ 4401
x 10¢ 4322
x 103 4234
x 104 4139
x 107 4040
x 109 3949
x 106 384/

Solid: 1.3642 kJ/kg K
{iquid: 1.3850 kJ/kg K

11?25°C)

0.011 0.004
(1060 J00°C)

2.3 x 1012 w/m? at 600°C
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APPENDIX D

ULTIMATE TENSTEHE SIRENGIH OF SEVERAL SOLID MATERIALS

-

LR
o NN
\

\K\ \“\‘
. \ | X
PAUMAN

N <

\

o \ \\

Ultimate tensile stress, kpsi

RNASN

Tempsrature, R

Uitimate Tensile Strength ol Several “olid Materials.
(1 deg R = 0.%556 K, 1 kspi 6.895 x 106 N/m?)
[Reproduced from Reference 4. ]
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APPENDIX }

DESIGN CHART FOR HEA| PIPt CONTAINER TUBES

16 000 T -T
Metorial U.TS., f, kpsi =
|100
14000
//,g
12000 v 80
/1L
- A
X A A -
i 8000 V. 1’/ P
% / / D
. A A A -
i / // /lr P
/ —1 %
U T1/ g:/ —
20
/ // /”J’/’- 18
= o
- /r—" 5
oLO 1.2 1.4 1.8 1.8 2.0

Tube dismetwr retio, d_/d,

Design Chart for Heat Pipe Container Tubes.

(1 psi 6

9% x 103 N/m?, 1 kpsi  6.895 x 106 N/m?)
[Reproduced from Reference 4.)
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APPENDLX F

DESTGN CHART FOR HIAT PLPE END CAPS

HEAT PIPE DESIGN PROCEDURES

T T T T T T T T

Material U.T.S., f, kpm = ——]

B T

12000 ll ‘/[t

10000 80

Maximum vopor pressurs, P psi
N
N

- L/
"/

. A

\

~ e

INNEN

5

0 0.08 010 Qs 020 028 0.30

End cep thickness-to-dismewr ratio, Ud,

Design Chart for Heat Pipe End Caps.
(1 psi  6.895 x 103 N/m?, 1 kpsi - 6.895 x 105 N/m?)
|Reproduced from Reference 4.]
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APPENDIX G

RESISTANCE MOOEL FOR LIQUID FLOW IN THE DWAHP

The liquid flow resistance network is sketched in Figure G.1.

Ra

Rq

EVAPORATOR

Definition

Ry

Radial flow resista

INSERT

Rs Rg '8
AAA-
Ro
LIQUID FLOW
DIRECTION CONDENSER
Figure G.1

nce through 4 layers of 40 x 40 cm !

screen wick in evaporator.

R2 = Axial flow resistance in the evaporator screen tube.
R3 = Axial flow resistance in evaporator grooves.

R4 = Axial flow resistance in capillary insert.

R5 = Axial flow resistance in adiabatic groove.

R6 = Axial flow resistance in condenser screen tube.

R7 = Axial flow resistance in condenser grooves.

R8 = Radial flow resistance in condenser screen tube.
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e —

Ar 1n(do/di) v

Ry = Foar = (L) (6.1)
2w KS LEAr L
. -10 2
With d = 1.89cm, d; = 1.71cem ko - 1.9342x10 " m,
L. = 0.33 m and ar = 0.09) cm
C
8 v 2
Ry = 2.5343x10 (i&) N/m  per watt
L /2 v
R, = _E (L) (6.2)
kA A

The cross-sectional area (As) used here is 1/12th of the total

screen tube area in order to account for 2 out of 24 grooves in the

evaporator. A_ = 0.04311x10”% ml.

12 v 2
Ry = 197.878x10 (L) N/m  per watt
)
Lc/2
Ry = 5 (M) (6.3)
k A LY
99

Mean radius of grooves (Figure G.2),
00 o
SRR |
- éa =397 mm

]
lo
1

[a¥]
N

< ) 20.794 mm
= 1.711. - 0.4 - 0.785 cm
Figure G.2
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(assume flow through

Porosity, € oo__ W n o= | single groove only)
(2ﬂmr Y/ 127

= (0.1931 (19.31%)

-3
Hydrauiic radius, rp ¢ = W& . 0.5063 x 10 m
’ w t+ 4
. 2
Permeability, k= {C "h,2
9 fo Re9~

bor w/é - 0.568 and laminar flow, fgRey = 15.5 from Figure 6.3.

kg = 0.6325 x 1078 m?
A = %"d - 0.05742x10 ™ m 2
T T
12 v 2
Ry = 4.5432x10 (_%) N/m per watt
A
L v
Rg = 1 (L) (6.4)
K, A A
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24
4 0
22 a=y¢ ;
L
wA
20 \
. '8
" \\
14 —
12
0 0.2 0.4 0.6 0.8 1.0
a
Figure G.3

Frictional Coefficients for Laminar Flow in Rectangular Tubes.
[(Reproduced from Reference 4.]
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_] ) -~
LI = 0.0127m, KI = 6./432 x 10 0 m for 24 x 24 cm ] screen and AI =
Ar - 5.67)(10_b m? for one groove.
]

, 12 2
Rg = 3.3215 x 10 () N/m  per watt

>

Rg = A (Y (G.5)
KG AG A
) -1 2 )
LA = 0.79 m, KG = 1.1115 x 10 m tor 2.38 mm square groove
using fQReQ = 14.25 (Fiqure G.3) if w/6§ = 1 and Moo = §/2 in the
permeability equation, and AG = 5.67 x 10_6 m2 for one groove
(Figure G.4).
— fe————— W =2.38 mm
/: -:'-__',_1%8; 2.38 mm .
777 Y -
Figure G.4
12 v 2
Rg = 1.2528 x 10 (L) N/m per watt
A
L./2 v
Rg ~ —L-— (L) (G.6)
K, As A
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The condenser screen and qroove geometry is the <ame a< that of the

evaporator except the length. Here, lr - 0.9 m, Kc = 1.9342 «

-1 o] ’

0 2 . .
10 m and Ag 1S same as in R].

12 v 2
Rg = 545.6635 x 10 () N/m per watt
A

Ry = C (L) (G.7)

Mean radius of grooves shown in Figure G.5 (same as in R_)

SILS, |
/QZ 8:1.397 mm
3

/7
— e W=0799mMm

(

Figqure G.5

r =0.785 cm
m

Porosity, € = .. Nw
(Zwrm)/lz n =2 (Effectively two
condenser grooves
; feed to one
= 0.3863 adiabatic groove)
or 38.63%X
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Hydraulic radius, r - 0.5063 x 10 3 m (same as in R.)

h,t
?
L. 2er -8 2 .
Permeability kg - —_h, 2 1.265x 10 m (twice as
f Re that of k)
'] % 3
Axial flow area is same as in R3' Hence,

12 v 2
R7 = 6.2641 x 10 (L) N/m  per watt
)\

Ar In{d /d. v
r It 0 ‘) (—%) (G.8)

2 KS LC ar

This is computed similar to R].

8 v 2
Rg = 0.9190 x 10 (L) N/m per watt
A

Summarizing,

8 v
2.5343 x 10 (_%)
A

o
—
1

, = 197.878 «x 10'2 (U1
A

=
th

12
Ry - 4.5832 x 10 ° (‘1)
A

12
Rq -~ 3.3215 x 10 (‘1)
A

22%




12
Rg - 1.2528 x 10 (.x)
A

R 3.3215 x 10'2 (¥

6 () (Ry and Rg are
A orders of magnitude
small compared to
12 the rest and hence
v
Ry = 6.2641 x 10 (L) may be neglected)
A

g
Rg - 0.919 x 100 (%)

Since R2 and R3 are in parallel, their equivalent resistance is

R.R
R = 2 3
2-3 + R

equi RZ 3

calculated as

12 v
Thus Rp_3 = 4.4812 x 10 (_L)
equi .

L 12 v
Similarly, Rg-7 = 6.193 x 10 (L)
equi N

The total liquid flow resistance is,

FgLeff = R1 + R2_3 + R4 + R5 + R5-7 + R8 (G.9)
equi equi
. ) 12 v ?
i.e., Folagg = 15.2085 x 10 (L) N/m  per watt
A\
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APPENDIX H
STEADY STATE EXPERIMENTAL TEST DATA

TEST SET 1

TEST SET 2
TEST SET 3
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